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ABSTRACT
In species with highly heteromorphic sex chromosomes, the degradation of one of the sex
chromosomes can result in unequal gene expression between the sexes (e.g., between XX
females and XY males) and between the sex chromosomes and the autosomes. Dosage 
compensation is a process whereby genes on the sex chromosomes achieve equal gene 
expression which prevents deleterious side effects from having too much or too little 
expression of genes on sex chromsomes. The green anole is part of a group of species that
recently underwent an adaptive radiation. The green anole has XX/XY sex determination,
but the content of the X chromosome and its evolution have not been described. Given its
status as a model species, better understanding the green anole genome could reveal 
insights into other species. Genomic analyses are crucial for a comprehensive picture of 
sex chromosome differentiation and dosage compensation, in addition to understanding 
speciation. 
In order to address this, multiple comparative genomics and bioinformatics analyses were
conducted to elucidate patterns of evolution in the green anole and across multiple anole 
species. Comparative genomics analyses were used to infer additional X-linked loci in 
the green anole, RNAseq data from male and female samples were anayzed to quantify 
patterns of sex-biased gene expression across the genome, and the extent of dosage 
compensation on the anole X chromosome was characterized, providing evidence that the
sex chromosomes in the green anole are dosage compensated. 
In addition, X-linked genes have a lower ratio of nonsynonymous to synonymous 
i
substitution rates than the autosomes when compared to other Anolis species, and 
pairwise rates of evolution in genes across the anole genome were analyzed. To conduct 
this analysis a new pipeline was created for filtering alignments and performing batch 
calculations for whole genome coding sequences. This pipeline has been made publicly 
available. 
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PREFACE
The analysis in chapter 3, “Comparative Analysis Across Anolis Species,” is included in 
the manuscript “Multiple Genomes Reveal Accelerated Evolution in Conserved 
Pathways”, under review at Nature Communications. It is included in the manuscript 
under the “Accelerated Evolution Acting on Protein Coding Genes During Anolis 
Diversification” and “Genes Regulating Limb Development Show Evidence of 
Accelerated Evolution During Anolis Radiations” sub-headers. I was asked to contribute 
these analyses since I had experience calculating substitution rates from pairwise genome
alignments.
I believe that the major results of the the analyses, the potential identification of possitive 
selection on reproductive and limb morphology genes, to be a very significant finding as 
they confirm previous observations using novel analyses. Additionally, it makes sense 
that we would find selection acting on these genes since limb morphology can be adapted
to each species ecological niche and because we would expect reproductive genes to be 
under selection in such a rapidly evolving and speciating genus.
viii
1. Introduction
Dosage Compensation Across Taxa
Dosage compensation is the process in which organisms with differentiated sex 
chromosomes achieve equal gene dose between their X or Z chromosomes and their 
autosomes (Graves, 2015). Dosage compensation is achieved through a wide range of 
mechanisms which varies across species. In the presence of dosage compensation, genes 
on the sex chromosomes in males and females will be expressed at approximately similar 
levels, nearing a male to female expression ratio of 1. In the absence of dosage 
compensation, however, the expression of sex-linked genes is expected to reflect their 
overall copy number in each sex (i.e. half as much in the sex with only one copy), with an
expected sex ratio of 0.5. Studies across species suggest that male-heterogametic sex 
determination systems (XX/XY) typically undergo chromosome-wide dosage 
compensation, albeit with unique mechanisms in each convergent system (Wilson & 
Makova, 2009; Graves, 2015). 
Mammals, which are XX/XY, exhibit X chromosome silencing in which gene dosage is 
upregulated on the X chromosome in both males and females, and females experience 
silencing of one X chromosome (Payer & Lee, 2008). This results in the appearance of 
Barr bodies which are condensed X chromosomes that are visible under a microscope. 
There is some variation in whether paternally inherited X chromosomes are silenced or 
whether one is randomly silenced, however. Among monotremes and the majority of 
eutherian mammals, one X chromosome is randomly silenced. In marsupials, however, 
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only the paternally inherited X chromosome is silenced (Deakin, Hore, Koina, & 
Marshall Graves, 2008).
Other mechanisms of dosage compensation include hypertranscription of the male X 
chromosome and hypotranscription of the female X chromosomes.  Hypertranscription, 
in which the X chromosome is over-expressed only in males, has been observed in 
Drosophila melanogaster (Conrad & Akhtar, 2012). Alternatively, hypotranscription, 
which has been identified in Caenorhabditis elegans, is a system in which both 
hermaphrodite X chromosomes are under-expressed (Lau & Csankovszki, 2015; Kramer 
et al., 2015) Interestingly, evidence suggests that the X chromosome in C. elegans was 
originally upregulated so that males could achieve equal gene dose with the autosomes. 
This also resulted in over-expression of the female X chromosome which then had to be 
down-regulated (Lau & Csankovszki, 2015), meaning dosage compensation evolved 
similarly as it did in mammals, although it resulted in a different mechanism.
Chromosome-wide dosage compensation has yet to be identified in ZZ/ZW species. 
However, observations confirm that ZZ/ZW systems do exhibit gene-by-gene dosage 
compensation (Dean, Harrison, Wright, Zimmer, & Mank, 2015). This gene-by-gene, but 
not complete, pattern has been observed in birds (Dean et al., 2015; Arnold, Itoh, & 
Melamed, 2008; Itoh & Arnold, 2015), snakes (Vicoso, Emerson, Zektser, Mahajan, & 
Bachtrog, 2013), silkworms (Xingfu Zha, 2009), and the flatworm Schistosoma mansoni 
(Vicoso & Bachtrog, 2011). The mechanisms behind this gene-by-gene dosage 
compensation are not yet known, although it has been suggested that epigenetic 
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modifications may be made near genes which are particularly dosage sensitive (Arnold et
al., 2008). It has also been suggested that gene-by-gene dosage compensation may 
accomplished by the regulatory effects of networks of genes, referred to as autosomal or 
network dosage compensation (Arnold et al., 2008).
However, it is unknown whether the limited number of taxa that have been studied to 
date biases perceived trends about dosage compensation. For example, the ZZ/ZW moth 
Manduca sexta has been found to exhibit complete dosage compensation (Smith, Chen, 
Blissard, & Briscoe, 2014), and near-global patterns of dosage compensation have been 
observed in ZZ/ZW Heliconius butterflies (Walters, Hardcastle, & Jiggins, 2015), 
suggesting that patterns in dosage compensation may not be linked to male- or female-
heterogametic sex determination. In addition, dosage compensation in XX/XY systems 
may not be as complete as previously thought. As many as 15% of X-linked genes escape
inactivation in humans and the proportion escaping inactivation differs greatly among 
regions of the X chromosome (Berletch, Yang, Xu, Carrel, & Disteche, 2011; Carrel & 
Willard, 2005). This pattern is explained in part by the time since gametologous Y-linked 
alleles were pseudogenized or lost (Wilson Sayres & Makova, 2013). Given this variation
among the few systems that have been studied, it is necessary to examine dosage 
compensation in evolutionarily independent chromosomal sex determination systems. 
Considering the ancient origins of its sex chromosomes, the green anole is expected to 
have a degraded Y chromosome (Rovatsos, Pokorná, et al., 2014; Rovatsos, Altmanová, 
et al., 2014b) and exhibit dosage compensation between the sexes, similar to other male-
heterogametic sex determination systems.  
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Fast-X Effect and Comparative Genome Analysis
In addition to dosage compensation, another feature of sex chromosome evolution is that 
natural selection is expected to behave differently on the sex chromosomes versus the 
autosomes, because of their unique inheritance patterns (Meisel & Connallon, 2013). In 
species with XX/XY sex determination, females have two copies of the X chromosome, 
which means that, similar to the autosomes, deleterious recessive genes can be shielded 
from selection by dominant alleles in heterozygous individuals. Males, however, only 
possess one copy of the X chromosome, so recessive X-linked alleles are directly 
exposed to natural selection. If most new mutations are recessive, then natural selection 
will be more efficient on the X chromosome, both removing harmful variants and also 
increasing the frequency of beneficial X-linked variants. This phenomenon is referred to 
as the fast-X effect (Vicoso & Charlesworth, 2006). Fast-X (which would equivalently be
called fast-Z in ZZ/ZW sex determination) has been reported across species with male- 
and female-heterogametic chromosomal sex determination, including fruit flies 
(Thornton & Long, 2002), birds (Mank, Axelsson, & Ellegren, 2007; Dean et al., 2015), 
and mice (Kousathanas, Halligan, & Keightley, 2014). According to the fast-X 
hypothesis, if most of the X chromosome is hemizygous in males, and most de novo 
mutations are recessive, one expects to see a higher ratio of nonsynonymous to 
synonymous substitutions on the X chromosome relative to the autosomes.
Substitution rates between genomes can be used to identify positive selection for other 
loci as well. Since synonymous mutations are not directly exposed to selection, we expect
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more synonymous mutations to accumulate in a genome than non-synonymous mutations
which tend to be deleterious. Therefore, the ratio of non-synonymous to synonymous 
substitutions (Ka/Ks or dN/dS) can be used to identify genes which are under positive 
selection or relaxed purifying selection.
Problems Facing Substitution Rate Analyses
Genome alignments, comparative analyses, and substitution rate analyses have become 
common bioinformatic techniques, and provide important insights into evolutionarily 
processes. Genome alignments, however, are not without faults. Poor quality genome 
sequences can lead to poor quality alignments and alignment programs can also produce 
errors of their own. Single base insertions or deletions will cause the open reading frame 
to shift, which would result in a completely different set of codons than actually occurs in
the genome. Erroneousness single base substitutions will also not occur at the same rate 
as natural substitutions, which can artificially inflate substitution rates.  Unfortunately, 
there are no currently available programs which will filter alignment files to ensure that 
they have conserved open reading frames, do not contain premature stop codons, and that
a significant portion of the gene aligns between species.
In addition to contending with errors, researchers must also learn how to use comparative
analysis programs which can be very complicated and require specific file types. For 
example, PAML (Yang, 2007), one of the most popular comparative analysis programs, is
notoriously complicated to use and requires input files to be in a modified phylip format.
5
Green Anole Sex Chromosomes
The green anole, Anolis carolinensis, is a squamate model used to investigate 
reproductive physiology and behavior (Lovern, Holmes, & Wade, 2004; Wade, 2012), 
evolutionary developmental biology (Eckalbar et al., 2013; Koshiba-Takeuchi et al., 
2009), and tissue regeneration (Hutchins et al., 2014). Green anoles have male-
heterogametic sex determination system (XX/XY sex chromosomes), where genetic 
females have two X chromosomes and genetic males have one X chromosome and – 
presumably – one Y chromosome (Alföldi et al. 2011), but genes on the anole sex 
chromosomes have not been fully characterized. Despite the plethora of sex 
determination mechanisms (Bachtrog et al., 2014) and their frequent turn-over among 
squamate reptiles (Pokorná & Kratochvíl, 2009; Tariq Ezaz et al., 2013), members of the 
Iguanian suborder Pleurodonta, to which anoles belong, all exhibit male-heterogametic 
sex determination  (Rovatsos, Pokorná, Altmanová, & Kratochvíl, 2014). Sex 
chromosomes appear to be highly conserved in this group, indicating a single origin 
between 73 and 123 million years ago during the Cretaceous period, independent of the 
origin of sex chromosomes in mammals and birds (T. Ezaz, Sarre, O’Meally, Graves, & 
Georges, 2009; Rovatsos, Pokorná, et al., 2014).  Despite the availability of its genome 
and transcriptome (Eckalbar et al., 2013; Alföldi et al., 2011), many questions still remain
about the evolution of the anole sex chromosomes. It has yet to be determined if the 
green anole exhibits dosage compensation and, if so, what mechanisms it exhibits. Given 
that sex chromosomes appear to be conserved among pleurodonts, what we learn from 
this model species will be an important contribution to understanding other pleurodonts.
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Originally, 64 genes annotated on the anole linkage group b (LGb) were identified as X-
linked because DNA from this region was present in two copies in genetic females and in 
one copy in genetic males (Alföldi et al., 2011). The ASU_Acar_v2.2.1 annotation 
(Eckalbar et al., 2013; Hutchins et al., 2014) identified twenty-three additional genes on 
LGb for a total of 67 X-linked genes. Quantitative PCR analyses have since identified 38 
additional putative X-linked genes that exhibit twice the DNA content in females as 
males (Rovatsos, Altmanová, Pokorná, & Kratochvíl, 2014a). No pseudoautosomal genes
have been found, likely due the lack of a complete X chromosome sequence to compare 
against, and pseudoautosomal regions in A. carolinensis are hypothesized to either be 
very small or completely absent (Rovatsos, Altmanová, et al., 2014a), which is similar to 
marsupials (Murtagh et al., 2012). The identification of many genomic regions that are 
haploid in males but diploid in females suggest that the A. carolinensis Y chromosome 
may be highly degenerated and, if it exists at all, has lost much of the ancestral sex 
chromosome content during the course of evolution (Rovatsos, Altmanová, et al., 2014a). 
Y-linked degeneration is expected to result in changes in X-linked transcript levels to 
achieve similar X-linked expression in males and females (Wilson Sayres & Makova, 
2013), but X chromosome expression has not been comprehensively characterized in the 
green anole. If the anole X and Y chromosomes are as differentiated as preliminary data 
suggests, then we expect to observe dosage compensation on the X chromosome, as well 
as gene-based signatures of positive selection.
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2. Green Anole X-Linked Sequences
Identification of X-Linked Sequences in Anolis carolinensis
In order to make inferences about other species of Pleurodonta, we examined the green 
anole as it is the best studied member of the clade. We began by better characterizing its 
X chromosome which would a provide a larger set of genes which could be used to 
identify X-linked genes in other species. If genes on the green anole X chromosome have 
evolved dosage compensation between males and females, relative expression values 
between the sexes will not be sufficient to identify X-linked transcripts. Therefore, to 
identify putative X-linked genes in the green anole, we used a comparative genomics 
approach. Chicken (Gallus gallus) and anole genomes share many large syntenic blocks 
(Alföldi et al. 2011) making the chicken genome an informative point of comparison. 
Anole linkage group b (LGb) was previously identified as X-linked because it is present 
in two copies in female anoles but only one in males (Alföldi et al. 2011), suggesting that 
all, or nearly all, Y-linked genes from this region are highly differentiated or absent. 
Twenty-three additional genes were later identified on LGb (Eckalbar et al. 2013; 
Hutchins et al. 2014), bringing the total of known X-linked genes to 87. In a subsequent 
analysis, quantitative PCR in male and female samples identified an additional 38 genes 
that are consistent with male-heterogamety (Rovatsos, Altmanová, M.J. Pokorná, and 
Kratochvíl 2014). 
We first investigated the genomic location of previously annotated anole X-linked genes 
in the chicken genome and found that all either aligned to chicken chromosome 15 or did 
8
not align to the chicken genome (Figure 1; Figure 2). Given the conservation of gene 
order between chicken and anole (Alföldi et al. 2011), this suggests that additional 
undiscovered X-linked genes may also have homologs on chicken (G. gallus) 
chromosome 15 (GG15). To find additional candidate X-linked genes, we compared 
GG15 to the anole genome to identify one-to-one orthologs (Figure 2). We began by 
using BLAT (Cunningham et al. 2015) to map 399 transcripts on GG15 to assembled 
chromosomes and unassembled scaffolds from the anole genome, then conducted 
reciprocal best-mapping from anole to the chicken genome. To retain proposed X-linked 
scaffolds, we required a minimum of 60% of the genes on the anole scaffold to either 
map to GG15 or not map anywhere in the chicken genome. Through this reciprocal 
analysis we determined that 118 genes (corresponding to 127 transcripts) mapped to 
chicken chromosome 15, and another 165 genes from the unmapped scaffolds in the 
green anole genome did not have a homolog in the chicken genome (Figure 2). From 
these scaffolds, two genes mapped to chicken chromosome 1, one gene mapped to 
chromosome 2, and one mapped to chromosome 19, for a total of four genes which 
mapped to other chicken chromosomes. 
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Figure 1. Location of proposed X-linked sequences in the chicken genome. 
Position in the chicken genome of genes of proposed anole X-linked scaffolds. Genes are 
color-coded by scaffold. 
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Figure 2. Comparative mapping to identify anole X-linked genes. 
We conducted a comparative one-to-one orthology mapping between chicken chromo-
some 15 and the anole genome to identify additional putative X-linked genes in the anole.
Genes or transcripts in blue boxes represent novel X-linked genes, while genes in green 
boxes represent previously identified X-linked genes. 
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In total, these 287 genes spanned eight scaffolds (Figure 1, Supplementary Table 1). 
Among these scaffolds, each contains at least one gene previously reported to be X-
linked (Rovatsos, Altmanová, et al., 2014a) further corroborating that these scaffolds 
likely belong to the anole X chromosome. Taken together with the 87 genes on LGb, 
which was previously identified as the X chromosome (Alföldi et al. 2011), and the 
remaining genes on these scaffolds (some of which were previously described as sex-
linked (Rovatsos, Altmanová, et al., 2014a)), these results suggest there are 374 genes on 
the anole X chromosome (Figure 1, Appendix B). 
As an additional line of evidence to verify these X-linked scaffolds, we conducted an 
analysis of genetic diversity on the autosomes and the putative X-linked scaffolds. 
Diversity is expected to be reduced on X chromosomes relative to autosomes due to a 
smaller effective population size and more efficient natural selection (Ellegren, 2009). We
found that the mean diversity (Π) for the autosomal macro-chromosomes 1-6 ranged from
0.000705 to 0.000738 among biological replicates, while the mean diversity for the 
putative X chromosome ranged from 0.000169 to 0.000232 (Table 1). This corresponds 
to very low X/A diversity ratios (Table 1) and is consistent with results from other species
in which the X chromosome exhibits lower diversity than autosomes due to a lower 
effective population size and greater exposure to selection in males (Ellegren, 2009) 
(Hvilsom et al., 2012; Gottipati, Arbiza, Siepel, Clark, & Keinan, 2011).
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Table 1: Autosomal vs. X-linked diversity. We estimated mean per-site nucleotide 
diversity across all individuals in each biological replicate, resulting in 5 replicates of 
four individuals each. 
Replicate Autosomal
Callable
Sequence
X-linked
Callable
Sequence
Mean
Autosomal
Diversity
Autosomal
95%
Confidence
Interval
Mean X-
linked
Diversity
X-linked
95%
Confidence
Interval
Mean X/A
Diversity
Ratio
(95% CI)
1 7,378,148 73,681 0.000738 0.000726,0.000751 0.000209 
0.000147,
0.000278
0.285850
(0.198561,
0.376965)
2 5,047,199 56,324 0.000705 0.000690,0.000721  0.000232 
0.000159,
0.000313
0.329366
(0.225163,
0.444292)
3 4,063,799 40,833 0.000717 0.000700,0.000734 0.000220
0.000134,
0.000312
0.310131
(0.186503,
0.433620)
4 3,927,620 40,605 0.000717 0.000699,0.000736 0.000169
0.000103,
0.000253
0.236542
(0.146720,
0.353518)
5 4,249,938 42,058 0.000718
0.000701,
0.000736 0.000209
0.000127,
0.000293
0.288680
(0.175744,
0.408157)
Dosage Compensation on the Anole X Chromosome 
To assess anole sex chromosome dosage compensation, we investigated transcript 
abundance from the X and autosomes in samples from males and females. In the absence 
of dosage compensation, the ratio of expression in males versus females on the X 
chromosome is expected to be around 0.5. In contrast, if there is dosage compensation, 
then genes on the X chromosome should exhibit a male:female expression ratio similar to
that of the autosomes (median: 1.009; 95% CI: 0.9713 -1.022, 1000 bootstrap replicates; 
Table 2). We analyzed anole X-linked genes in two groups: the previously identified 
LGb, because its clear sex-biased presence suggests it may be part of an older, more 
differentiated part of the anole X chromosome, and our newly proposed X-linked genes 
that may be part of a less-differentiated portion of the anole sex chromosomes. 
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Table 2. Male vs. female median gene expression. Median male:female expression 
values for the autosomal macrochromosomes, X-linked linkage group b (LGb), the newly
proposed X-linked scaffolds, and the combined X chromosome sequences (LGb and all 
other proposed X-linked sequences) using a FPKM threshold of 2. Relative expression 
could only be computed for genes with detectable expression values in both males and 
females. 95% confidence intervals were computed with 1000 bootstrap replicates. 
Chromosome Median Male:Female Expression (95% CI) Total Expressed Genes
Autosomes 1-6 1.009 (0.9713, 1.022) 6595
LGb (X-linked) 0.9746 (0.9718, 1.058) 59
X-Linked
Scaffolds
0.8226 (0.7772, 0.8296) 143
Proposed X 0.8688 (0.8558, 0.8958) 202
Consistent with dosage compensation, the 87 genes previously annotated on LGb as X-
linked genes have a median male:female relative expression of 0.9746 (95% CI: 0.9718-
1.058, 1000 bootstrap replicates; Table 2), which is statistically indistinguishable from 
the autosomes. Curiously, compared to both the autosomes and the older X-linked LGb, 
the newly identified X-linked genes have a lower, but still significantly greater than 0.5, 
median relative expression of 0.8226 (95% CI: 0.7772-0.8296,1000 bootstrap replicates; 
Table 2), consistent with fewer dosage compensated genes. For the entire set of 374 genes
we propose for the anole X chromosome, the median ratio of male:female expression is 
significantly lower than the autosomes: 0.8688 (95% CI: 0.8558-0.8958, 1000 bootstrap 
replicates; Table 2, Figure 3), suggesting dosage compensation across all genes on the X 
chromosome is not complete, but that most genes are dosage-compensated. In cases of 
single-gene deletions on the autosomes, buffering has been observed (Malone et al. 
2012), that results in expression that is not exactly proportional to gene copy number. 
However, the ratio of male:female expression on the anole X chromosome is significantly
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greater than 0.5 and much closer to 1 than expected if due solely to buffering in one sex. 
These results indicate that many genes on the anole X chromosome are dosage 
compensated, but some regions of the anole X chromosome have not yet evolved dosage 
compensation between the sexes and that the process may be still ongoing. Without a 
fully assembled X chromosome, it is difficult to confidently discern whether there are 
physical clusters of complete and incomplete dosage compensation. 
Figure 3. Ratio of male:female anole gene expression across proposed X-linked loci. 
Each box plot represents a different scaffold. Expression levels of genes on the 
previously determined X-linked linkage group b (LGb) are blue and proposed X-linked 
genes are plotted in green. The autosomal median expression is shown in a dotted red 
line. The expected male:female expression ratio in the absence of dosage compensation 
(0.5) is plotted in a dotted black line. 
Gene Expression Suggests Upregulation of the X Chromosome in Males
To infer the mechanism of dosage compensation, we compared absolute expression of X-
linked genes to autosomal genes in males and females, allowing us to evaluate two 
possible alternatives. The first possibility is that expression on one or both of the X 
chromosomes in females is downregulated to the, presumably, lower level in males. If 
this is the case, we expect to observe that while the male:female ratio of expression is 
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near one for the X and for the autosomes, expression values for the X chromosome will 
be, on average, significantly lower than those for the autosomes for both males and 
females. Alternatively, if the X chromosome is upregulated in males only, then we expect 
that the average expression for X-linked genes will not significantly differ from the 
autosomal expression for either males or females. In the absence of dosage compensation,
we expect only the male X-linked expression values to be lower than the autosomal 
values. But, as we have shown, we do observe dosage compensation in the green anole 
and so expect both male and female expression to exhibit the same pattern.
The median expression values for X-linked genes (8.60 FPKM and 9.88 FPKM for males
and females, respectively; Table 3) are lower than the median expression on the 
autosomes (11.8 and 12.0, respectively; Table 3), but are still greater than 50% of the 
autosomal expression. Mean expression, however, is significantly higher on the X 
chromosome in males (27.24 FPKM, p = 0.0011; two-sided Wilcoxon Rank Sum test; 
Figure 4, Table 3), but not significantly higher in females (32.68 FPKM, p = 0.2001; two-
sided Wilcoxon Rank Sum test; Figure 4 Table 3), than on the autosomes (24.12 in males 
and 25.36 in females; Table 3). We would expect the mean to be higher than the median 
since we required that each gene have a minimum FPKM of 2 to be included in the 
analysis, but had no such maximum FPKM requirement. These results suggest that there 
is a significant difference between the distributions of expression in X-linked genes and 
autosomal genes in males, consistent with up-regulation of the X chromosome in males.
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Figure 4. Expression density on autosomes and the X chromosome. Gene expression 
was called using CuffDiff (Trapnell et al. 2012) and all genes with an FPKM higher than 
2 were plotted in R3.2.2 (R Core Team 2014) using the sm package (Bowman and 
Azzalini 2014). Kernel density was plotted for X-linked genes (in blue) and autosomal 
genes (in black) with median values represented by dotted lines and mean values as 
dashed lines. Expression density was examined for both male samples (A), both female 
samples (B), and each individual: male 1 (d15)(C), male 2 (d26)(D), female 1 (d47)(E), 
and female 2 (d47)(F).
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Table 3. Average expression on autosomes and the X chromosome. Median (A) and 
mean (B) expression levels were calculated for autosomal and X-linked genes for both 
males, both females, and each individual. In addition, median and mean values were 
calculated without the four most highly expressed genes (all were over 400 FPKM) 
(Tables C and D, respectively). Expression was called using CuffDiff (Trapnell et al. 
2012). Means, Medians, and Wilcoxon tests for p values were calculated in R3.2.2 (R 
Core Team 2014). 95% confidence intervals were calculates using the bot package 
(Canty, Angelo and Ripley, Brian 2016).
Table A.
Sample Median Autosomal
Expression
Median X 
Expression
X/Autosome
Ratio
P
(X vs. 6
Autosomes)
Males 11.77
(8.067, 11.83)
8.602 
(7.152, 9.670)
0.7308 0.0011
Females 12.03
(11.35, 15.15)
9.882 
(8.647, 10.99)
0.8212 0.2001
d15 11.35
(8.634, 12.20)
8.386
(6.148, 8.847)
0.7389 0.0023
d26 11.71
(8.386, 12.04)
8.783
(7.994, 10.61)
0.7498 0.0019
d47 12.00
(9.598, 13.47)
10.70
(12.73, 16.11)
0.8904 0.4439
d61 11.72
(8.322, 11.96)
9.552
(9.902, 12.60)
0.8152 0.0303
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Table B. 
Sample Mean Autosomal
Expression
Mean X 
Expression
X/Autosome
Ratio
P
(X vs. 6
Autosomes)
Males 24.12
(13.57, 27.86)
27.24 
(11.82, 29.57)
1.130 0.0011
Females 25.36
(16.48, 31.56)
32.68
(17.54, 40.30)
1.288 0.2001
d15
(male)
24.14
(21.25, 35.97)
28.55
(15.13, 36.10)
1.183 0.0023
d26
(male)
24.42
(10.98, 26.25)
25.75
(19.34, 36.11)
1.055 0.0019
d47
(female)
26.81
(21.36, 39.49)
37.64
(17.20, 50.14)
1.404 0.4439
d61
(female)
24.96
(24.74, 41.18)
27.40
(26.91, 43.18)
1.097 0.0303
Table C.
Sample Median
Autosomal
Expression
Median X 
Expression
X/Autosome
Ratio
P
(X vs. 6 Autosomes)
Males 11.77
(8.067, 11.83)
8.516
(6.557, 8.791)
0.7232 0.0002
Females 12.03
(11.35, 15.15)
9.808
(8.601, 10.51)
0.8712 0.0755
d15
(male)
11.35
(8.634, 12.20)
8.275
(7.945, 10.62) 
0.7291 0.0004
d26
(male)
11.71
(8.386, 12.04)
8.638
(7.350, 9.934)
0.7374 0.0003
d47
(female)
12.00
(9.598, 13.47)
10.18
(9.284, 12.34)
0.8474 0.2118
d61
(female)
11.72
(8.322, 11.96)
9.372
(8.643, 11.37)
0.7998 0.0077
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Table D.
Sample Mean Autosomal
Expression
Mean X 
Expression
X/Autosome
Ratio
P
(X vs. 6
Autosomes)
Males 24.12
(13.57, 27.86)
17.43
(14.44, 21.72)
0.7223 0.0002
Females 25.36
(16.48, 31.56)
20.12
(19.02, 26.98)
0.7933 0.0755
d15
(male)
24.14
(21.25, 35.97)
17.99
(13.96, 22.09)
0.7454 0.0004
d26
(male)
24.42
(10.98, 26.25)
16.60
(11.63, 18.34)
0.6799 0.0003
d47
(female)
26.81
(21.36, 39.49)
21.33
(13.56, 21.87)
0.7958 0.2118
d61
(female)
24.96
(24.74, 41.18)
18.47
(15.21, 22.60)
0.7397 0.0077
Upon further investigation, the two females exhibited different patterns of expression: 
mean expression was greater on the X chromosome than the autosomes in D61, while 
expression did not differ in D47 (Table 3). Because D47 exhibited much greater variation 
in mean expression on the X chromosome than any other sample, we reran analyses 
excluding the most highly expressed X-linked genes (FPKM > 400 in at least one 
individual).  Here, we found that the overall pattern was reversed, with significantly 
lower mean and median expression on the X chromosome than autosomes in the two 
males and D61 (Table 3).  However, expression levels remained indistinguishable in D47.
Future examination of a larger sample will be required to understand which female 
exhibited a pattern more typical of female anoles in general.
Taken together, these results are consistent with male upregulation on the X chromosome:
both mean and median expression of X-linked genes, with and without the most highly 
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expressed genes, is greater than half that of the autosomes.  Further, because many X 
chromosome transcripts are expressed at levels well below those of autosomal transcripts,
it is likely that only a subset of genes are dosage-sensitive.  However, our small sample 
size prevents us from inferring whether compensation exclusively male-based, or if 
compensatory downregulation occurs in females.
Sex-biased Gene Expression
In our analysis of expression variation between the sexes, we identified 1,384 genes 
across the genome that exhibit significant differential expression between males and 
females (Table 4). These genes, comprising approximately 10% of all expressed genes, 
are not concentrated on the X chromosome but are instead dispersed throughout the entire
genome (Table 4).
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Table 4. Location of genes with sex-biased expression. The number and percentage of 
genes with significantly different expression between male and female anoles are shown 
across the entire genome and for different subsets of the assembled and unassembled 
anole genome. Significance was determined for genes with FPKM values of at least 2.
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General Loci Specific
Locus
Number of Differentially
Expressed Genes
Total Number Of
Detectable Genes
Percentage of
Differentially
Expressed Genes
Genome 1384 13,414 10.3%
Macro-
chromosomes
588 6,595 8.9%
1 124 1,492 8.3%
2 148 1,515 9.8%
3 65 1,009 6.4%
4 99 1,008 9.8%
5 91 916 9.9%
6 61 655 9.3%
Micro-
chromosomes
27 198 13.6%
LGa 4 15 26.7%
LGb 6 59 10.4%
LGc 5 48 10.4%
LGd 0 0 N/A
LGf 12 69 17.4%
LGg 0 2 0%
LGh 0 5 0%
Contigs 69 622 11.1%
All scaffolds 700 5,999 11.7%
X-linked
scaffolds
17 136 12.5%
GL343282.1 2 84 2.4%
GL343338.1 7 64 10.9%
GL343417.1 4 55 7.3%
GL343423.1 2 24 8.3%
GL343550.1 0 12 0%
GL343947.1 1 11 9.1%
GL343913.1 1 8 12.5%
GL343364.1 0 26 0%
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According to gene ontology analyses, genes with male-biased expression are involved in 
immune and defense response (Supplementary Table 2), consistent with previous 
analyses of these samples that found differential expression of immune response 
transcripts along the proximal-distal axis of regenerating tail tissue (Hutchins et al. 2014).
Genes with female-biased expression are enriched for those with functions in tissue 
development and cell proliferation (Appendix C). 
Given the pervasive sex-biased expression across the genome, we investigated whether 
the sex of the samples would affect interpretations of global gene expression, even in a 
tissue with low expected sex-bias. We found that gene expression is significantly 
correlated between any two individuals, but that the relationship is stronger between 
males (R2 = 0.953, p < 2.2x10-16) than it is between females (R2 = 0.784, p < 2.2x10-16; 
Figure 5). The correlation between samples of different sexes (R2 = 0.823, p < 2.2x10-16; 
Figure 6) is also higher than it is between females alone. Our studies confirm that 
substantial variation exists both within and between sexes and that both sexes should be 
included in future research to understand population variation (Itoh and Arnold 2015).
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Figure 5. Linear regression of individual comparisons. Scatter plots of gene expres-
sion between every individual and the R2 value for each comparison. Male-to-male and 
female-to-female comparisons are shown on the bottom row. P-values for all R2 values 
were less than 2.2x10-16. The scatter plots and linear regressions were modeled in R3.2.2 
(R Core Team 2014). Male 1 (d15) and female 1 (d47) are modeled in plot A, male 1 and 
female 2 (d61) in plot B, male 2 (d26) and female 1 in C, male 2 and female 2 in plot D, 
male 1 and male 2 in E, and female 1 and female 2 in F.
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Figure 6. Regression plot for male vs. female gene expression. 
Genes are plotted by FPKM values in male samples and female samples. Genes from 
LGb are plotted in blue, while all other X-linked genes are shown in green. The regres-
sion line is shown in red. 
Identification of the Fast-X Effect
According to the fast-X hypothesis, if most new mutations are recessive, alleles on the X 
chromosome will experience more efficient positive selection (observable in a higher 
ratio of non-synonymous to synonymous substitutions) than the autosomes because the X
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chromosome is hemizygous in males, directly exposing alleles to selection (Meisel and 
Connallon 2013; Mank et al. 2007; Kousathanas et al. 2014). To test this hypothesis in 
the green anole, we conducted substitution rate analysis of the genes on anole 
chromosomes 1-6, versus genes on the proposed X chromosome. 
We found a significantly higher mean (0.1029 for autosomes, 0.1263 for X-linked genes),
but not median (0.0830 for autosomes, 0.0803 for X-linked genes), Ka/Ks ratio on the 
putative X chromosome than the autosomes (mean: p = 0.0002; median: p =0.8406; 
permutation tests with 10,000 replicates; Table 5). One interpretation of these results is 
that a few genes have experienced strong positive selection on the X (resulting in the 
significantly higher mean, but not median, Ka/Ks on the X versus autosomes), and that 
purifying selection, which is also expected to be more efficient at removing deleterious 
alleles on the X chromosome, is acting on the majority of X-linked genes. Additional 
factors can affect the presence of, and our ability to detect, fast-X evolution including an 
effective population size of X that deviates from equilibrium expectations, male mutation 
bias, and sexually-antagonistic genes (Thornton & Long, 2002).
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Table 5. Pairwise rates of evolution between anole and chicken. Ka, Ks, and Ka/Ks 
values were calculated for the six macrochromosomes and the proposed X chromosome. 
95% confidence intervals were calculated using 1,000 bootstrap replicates. Empirical p-
values were calculated by permuting genes across the autosomes and X chromosome 
10,000 times. All genes with internal stop codons were excluded from this analysis  
Autosomes (95% CI)
5499 genes
X chromosome (95% CI)
192 genes
P
Median Ka 0.1065 (0.1025, 0.1314) 0.1170 (0.1115,0.1335) 0.2403
Ks 1.257 (1.210, 1.322) 1.349 (1.279, 1.434) 0.0197
Ka/Ks 0.0830 (0.0805, 0.0998) 0.0803 (0.0777, 0.0956) 0.8406
Mean Ka 0.1324 (0.1143, 0.1377) 0.1522 (0.1270, 0.1548) 0.0068
Ks 1.352 (1.294, 1.422) 1.440 (1.415, 1.543) 0.0576
Ka/Ks 0.1029 (0.0988, 0.1185) 0.1263 (0.1171 0.1474) 0.0002
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3. Comparative Genomic Analysis Across Anolis Species
Comparative Genome Analysis
Comparative genome analyses are an important and informative method for examining 
evolution across species. Genome alignments can be used to identify conserved 
sequences between species and to determine mutation rates between them. Mutation rates
can be used to identify genes which may be under positive selection and to determine 
overall patterns of speciation. The ratio of nonsynonymous to synonymous substitutions 
(Ka/Ks) can be used as a broad proxy to infer levels of selective constraint, where the 
lower the Ka/Ks ratio, the stronger the effect of purifying selection. Alternatively, higher 
values of the Ka/Ks ratio (e.g., 1 or greater) may reflect either positive selection, or 
reduced purifying selection.
While the green anole is a well-studied model organism, it is a member of one of the 
largest reptile clades (Losos & Miles, 2002) and there is much interest in examining other
members of the Anolis genus. In order to do so, the Kusumi lab at Arizona State 
University sequenced three additional anole genomes: A. apletophallus (the slender 
anole), A. auratus (the grass anole), and A. frenatus (the Central American giant anole). 
These three species span the Dactyloa (Jackman, et al., 1999) and Norops (Nicholson et 
al., 2005) clades and, together with the green anole, provide an wide overview of the 
expansive Anolis genus.
A. frenatus, the Central American giant anole, is a member of the Dactyloa clade and 
lives higher up on tree trunks (Losos, et al., 1991) and is the most diverged from A. 
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carolinensis (Figure 7). A. apletophallus, the slender anole, lives lower on tree trunks and
on the ground (Andrews & Sexton, 1981) similar to A. carolinensis. A. auratus, the grass 
anole, inhabits low vegetation (Fleishman, 1988) and is the most closely related to A. 
carolinensis (Figure 7). Given the variety of ecological niches these species inhabit, there
is considerable interest in examining patterns of speciation among them. In particular, 
many researchers are interested in determining how limb morphology evolves in response
to species radiating into different environments.
Figure 7. Phylogeny of Anolis Species. These four species span the Anolis (A. 
carolinensis), Norops (A. auratus and A. apletophallus), and Dactyloa (A. frenatus) 
clades.
With these genomes now available to us, we conducted a pairwise substitution rate 
analysis between the green anole genome and each of the three new anole genomes. We 
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examined overall selective pressure on each species, paying particular attention to genes 
involved in morphology and speciation. In addition, we tested our hypothesis that the 
newly X-linked sequences would be conserved across Anolis species. We computed the 
Ka/Ks ratio for all pairwise comparisons of genes between A. carolinensis and three 
additional Anolis species: A. apletophallus, A. auratus, and A. frenatus. 
Pairwise Substitution Rate Analysis
We find that the mean Ka/Ks is shifted to the right, relative to the median Ka/Ks ratio, 
reflecting the long tail of genes either under positive selection or reduced purifying 
selection. Further, within each comparison 88-93% of Ka/Ks ratios are below 0.5, 
suggesting that for the majority of genes, their evolution can be characterized by strong 
purifying selection. In contrast to the Ka/Ks ratio, which should inform about the level of 
selective constraint, we also investigated the distribution of Ks values in each pairwise 
comparison, which should be more reflective of the neutral substitution rate. We find that 
for all pairwise comparisons, A. carolinensis versus either A. apletophallus, A. auratus, or
A. frenatus, the distribution of pairwise Ks values is remarkably similar. 
To investigate possible signatures of positive selection, we further studied the functional 
categories of genes with a Ka/Ks ratio that is significantly greater than 1. GO annotations 
for the A. carolinensis to A. apletophallus alignment included the sensory perception of 
smell, sensory perception of sound, fertilization, and adult walking behavior. The only 
gene with a Ka/Ks greater than one for the A. carolinensis to A. auratus alignment was 
myo18a which regulates metabolic processes and apoptosis. Genes with a Ka/Ks greater 
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than one for the A. carolinensis to A. frenatus alignment included GO terms for cellular 
trafficking, calcium homeostasis, and spermatogenisis. GO terms for genes involved in 
reproduction were found in all comparisons which is consistent with previous 
observations that genes involved in reproduction evolve rapidly in Anolis (Grassa, & 
Kulathinal, 2011). In addition, we found that genes involved in limb morphology showed 
elevated Ka/Ks ratios for all comparisons which is consistent with the highly variable and
specialized limb morphology in each species. Lastly, genes for pigmentation, 
somitogenesis, and visual perception were conserved for all comparisons, indicating 
purifying selection.
When we calculated mean and median Ka/Ks for autosomes and X-linked sequences, we 
found that the X-linked sequences exhibited significantly lower median Ka/Ks that the 
autosomes for each comparison, although the mean was only significant for the A. 
carolinenesis to A. auratus comparison (Table 6). The X-linked mean Ka/Ks for the A. 
carolinenesis to A. apletophallus comparison may be higher due to the lower quality of 
the A. apletophallus genome. The higher mean for the A. carolinenesis to A. frenatus 
comparison may be due to the greater time since the giant anole's divergence from the 
green anole which would give selection more time to act on certain genes. The 
universally lower medians, however, does indicate that the newly X-linked sequences are,
indeed, conserved across Anolis, although this does not prove that they are X-linked in 
each species.
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Table 6. Substitution rates for pairwise anole alignments. Mean and median Ka/Ks 
values were calculated for the whole genome, autosomes, LGB, and all proposed X-
linked genes for each of the three pairwise alignments.
Alignment Chromosome Mean Ka/Ks
(95% CI)
Median Ka/Ks 
(95% CI)
Observed
Genes
A. carolinenesis to
A. apletophallus
Whole Genome 0.2516
(0.2148, 0.3082)
0.1598
(0.1028, 0.1475)
10556
Autosomes 1-6 0.2161
(0.2098, 0.2666)
0.1497
(0.1358, 0.1750)
5571
LGb 0.2847
(0.2345, 0.3573)
0.0973
(0.06958, 0.0907)
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All X-linked
Sequences
0.2707
(0.2419, 0.3493)
0.1002
(0.08424, 0.1095)
84
A. carolinenesis to
A. auratus 
Whole Genome 0.19556
(0.1661, 0.2260)
0.1297
(0.1152, 0.1526)
11890
Autosomes 1-6 0.1833
(0.1470, 0.1931)
0.1268
(0.0992, 0.1346)
6120
LGb 0.0912
(0.1006, 0.1165)
0.0683
(0.0525, 0.0755)
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All X-linked
Sequences
0.0956
(0.0920, 0.1124)
0.0656
(0.0592, 0.0776)
105
A. carolinenesis to
A. frenatus
Whole Genome 0.2490
(0.1979, 0.2765)
0.1600
(0.1596, 0.2040)
10536
Autosomes 1-6 0.2105
(0.1622, 0.2207)
0.1268
(0.0992, 0.1346)
6120
LGb 0.2352
(0.1271, 0.2395)
0.1471
(0.1231, 0.1595)
5483
All X-linked
Sequences
0.2554
(0.1546, 0.2674)
0.0814
(0.0709, 0.0968)
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4.  A Pipeline for Filtering Whole Genome Alignments
Substitution Rate Analyses
Genome alignments have become a critical component of most comparative genomic 
analyses. Unfortunately, it has not yet become standard practice to perform quality 
control on alignment files as is frequently done with sequencing data. This is despite the 
fact that poor quality alignments can lead to the artificial inflation of substitution rates in 
a number of ways. Insertions introduced by the alignment program can shift the open 
reading frame of the sequences, which can completely change their codon content. 
Sequencing errors can introduce synonymous and non-synonymous base substitutions at 
a different rate than they would accumulate naturally. And the presence of premature stop
codons could indicate sequencing errors, alignment errors, or the presence of 
pseudogenes, all of which may bias results. 
For example, if a single base substitutions occur due to sequencing error, they will occur 
at a different rate than they would in nature. Naturally occurring substitutions will be 
subjected to selection and we expect that the majority of non-synonymous substitutions 
would be removed from the population since a change in the amino acid sequence of a 
protein is typically deleterious. Synonymous substitutions, on the other hand, are not 
directly exposed to selection since the amino acid sequence of the protein does not 
change, so we expect synonymous substitutions to accumulate in the genome. 
Sequencing errors, however, are biased by the sequencing technology itself so we would 
expect non-synonymous and synonymous substitutions to occur at the same rate which 
would artificially inflate non-synonymous and synonymous substitution ratios (dN/dS). 
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In addition, very few tools for downstream analysis actually accept the standard maf 
alignment format as input. Even multiple fasta alignment files can pose problems for 
many programs. This often forces researchers to waste precious hours trying to find, and 
then figure out how to implement, a program which will convert their alignment file into 
whichever format the tool they wish to use requires. Once their file is in the proper 
format, they must still process that file so that the individual program will read it without 
crashing and still yield meaningful results. 
PAML (Yang, 2007), one of the most widely used tools for comparative gene analysis, 
accepts Phylip files as input. Standard Phylip files limit sequence names to ten characters 
so that the sequence starts at the twelfth character, with a single space separating the two. 
In order to avoid truncating sequence names, PAML was designed to accept a Phylip file 
which has two spaces following the sequence name. This means that, in order to use a 
maf alignment in PAML, the researcher much first find a tool which will convert maf to 
fasta, and then fasta to Phylip, and then convert the standard Phylip file into one which 
can be used by PAML. KaKs_Calculator is a different program which aims to quickly 
calculate substitution rates, but only between pairwise alignments. It requires input files 
to be in another file type, axt format, in order to be read. So even when two programs can
serve the same purpose (both can be used to calculate pairwise substitution rates), 
different file types may be required.
Without rewriting preexisting programs, which, for all of these issues, still function very 
well, the best approach would be to write a program which will handle filtering and 
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conversions with one command. Therefore, we set out to write an easy to use program 
which would make filtering and converting file types more straightforward, and would 
enable preexisting programs to be called on whole genome alignments.
AlignmentProcessor
The AlignmentProcessor package contains a series of Python 3 scripts, each of which 
executes a specific stage of the filtering process (Figure 8). The AlignmentProcessor 
program itself is a wrapper that executes these scripts in sequence, so that only one 
command needs to be entered into the terminal to run all necessary scripts. First, it will 
check to make sure that the input command is not contradictory and that any program that
is required for the analysis is installed in the proper location. Next, it creates a series of 
analysis-specific output folders in the user-specified output directory before executing the
individual scripts.
37
Figure 8. AlignmentProcessor Filtering Steps. Steps that occur outside of the 
AlignmentProcessor package are shown in green, while steps that are conducted solely by
AlignmentProcessor are shown in light blue, and steps that incorporate another program 
or script are in dark blue.
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The 00_ConvertHeader.py script will convert headers from CDS fasta files downloaded 
from the UCSC Table Browser (Karolchik et al., 2004) so that they only contain the 
genome build name and gene ID. This is done so that the headers will be in the same 
format as output from the Galaxy Project's Stitch Gene Blocks tool (Blankenberg, et al., 
2011), which is shorter and easier to parse in successive scripts. It prints output to a file 
titled “newHeader” which will be located in the same directory as the input fasta file and 
will contain the same file extension. 
The 01_SplitFastaFiles.py script splits the input multi-fasta alignment file into one file 
file per gene with the reference species' gene ID as the file name. If the “--ucsc” option 
was specified, the input file will be the “newHeader” file created in the previous step; 
otherwise, it will use the input file specified in the command line. The output files are 
written to the 01_splitFastaFiles directory. It will automatically determine the number of 
sequences per gene and appends the sequence number to the filename.
The 02_RemoveHeader.py script will remove the gene ID from the headers of the 
individual fasta files created in the previous step, as it is now the filename.  If the “--
changeNames” option has been included in the command, it will then convert each 
sequence's genome build name to the species common name using 02_nameList.txt as the
list of build names and their corresponding common names. There are currently 106 
entries in this list, but new entries can easily be added by the user. The output files are 
then written to the 02_rmHeader directory.
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03_CheckFrame.py will remove gaps that were introduced into the reference sequence by
the alignment and will remove corresponding bases from the remaining species' 
sequences to conserve the open reading frame. It will then identify codons with missing 
nucleotides for each sequence and replace them with three gaps (“---”). This will remove 
ambiguous codons from the sequence so that only known amino acids are specified. The 
output from this script is written to the 03_checkFrame directory.
04_CountBases.py will remove sequences from the trimmed fasta files if they have a 
nucleotide content lower than a given threshold. This is done to ensure that each sequence
contains a meaningful amount of data after having gaps introduced. By default, 
AlignmentProcessor requires at least 50% of the nucleotide content remains for each 
sequence, although the user can specify any percentage as a decimal value using the “-%”
flag. Sequences that do not meet this threshold will not be written to the output file. 
Additionally, if the output file does not contain at least two sequences after all of the 
sequences have been examined, the file will be deleted since one sequence does not 
constitute an alignment. The remaining output from this script will be found in the 
04_countBasesPercent directory.
05_ReplaceStopCodons.py will replace terminal stop codons from each sequence with 
gaps since most downstream analysis programs cannot process stop codons. It will then 
identify any premature stop codons and record the gene and species name in the 
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internalStops.txt file in the output directory. By default, sequences with premature stop 
codons will be removed; however, if the “--retainStops” option is specified it will keep 
these sequences in the alignment. This is particularly useful for examining pseudogenes. 
Finally, it will re-evaluate the number of sequences in each file to ensure that at least two 
sequences remain. It will write output to the 05_ReplaceStopCodons directory.
If the user is only interested in determining substitution rates from a pairwise alignment, 
using the KaKs_Calculator pipeline will be fastest and easiest option. Specifying the “--
axt” option will invoke the 06_FASTAtoAXT.py script which will run 
06_parseFastaIntoAXT.pl (Zhang et al. 2006) on every file in the 05_ReplaceStopCodons
directory. This will convert each trimmed fasta file into axt format for use with 
KaKs_Calculator. After each file has been converted, it is moved to the 06_axtFiles 
directory (parseFastaIntoAXT.pl is a Perl script which was written by the writers of 
KaKs_Calculator (Zhang et al. 2006) and is the only Perl script in this package). If no 
other options have been specified, the program will quit after this step and the total run 
time will be reported. If the “--kaks” option has been specified, 07_KaKsonDirectory.py 
will run KaKs_Calculator (Zhang et al. 2006) on every file in the  06_axtFiles directory 
and will output files to the KaKsOutput directory. Lastly, 08_compileKaKs.py will create 
a single tab separated text file containing the Ka/Ks output for each gene and will print 
the total program run time to the screen.
If Phylip files are required for use with a program such as PAML (Yang 2007) or HyPhy 
(Pond et al. 2005), the “--phylip” option can be specified. 06_FASTAtoPhylip.py will 
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then convert the fasta files in the 05_ReplaceStopCodons to sequential Phylip format and 
will write the files to the 06_phylipFiles directory. If no other options are specified, the 
program will quit and will print the total runtime to the screen. If the user wishes to run 
CodeML, “--codeml” can be specified in addition to “--phylip” in oder to run the 
program. The CodeML control file must be located in the output directory specified in the
command line, and it must be titled “codeml.ctl”. If a tree file is required, it must also be 
located in the output directory and titled “codeml.tree”. 07_CodeMLonDir.py will use the
control file as a template for a temporary control file in which it specifies unique input 
and output files. 
The 07_CodeMLonDir.py script will also determine if a tree file is required for the 
specified runmode of CodeML. If so, it will prune the tree file to remove any species 
which have been removed due to low coverage or the presence of premature stop codons. 
It will first store any species which have been marked as nodes using the pound sign (#) 
in a list before saving a tree which does not contain any nodes (AlignmentProcessor does 
not currently support the use of dollar-sign ($) based node notation). If a gene has had 
any sequences removed, the 07_pruneTree.R script will be invoked using the saved tree 
and any species which have been removed. This script will call the ape R package 
(Paradis et al. 2004) to remove the species, and any associated formatting marks, from 
the tree. It will save a pruned tree which 07_CodeMLonDir.py then adds the saved nodes 
back into. The end result is a tree file which is unique to each gene. Output files will be 
written to 07_codeml. Since there are a wide array of data in the CodeML output, we 
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have not included any specific script for summarizing data, since this might exclude data 
which may be relevant to specific analyses. We have, however, included our script for 
compiling the dN/dS data in the supplement.
Since CodeML can take a significant amount of time to run for multiple species 
alignments, AlignmentProcessor is capable of running CodeML on multiple threads. 
While CodeML itself can only run on one thread, AlignmentProcessor can run multiple 
instances of CodeML simultaneously on different threads. By default, it will only use one
thread but, if needed, the user can specify up to the maximum number of threads 
available on their computer to run multiple genes simultaneously.
Effects of Filtering
In order to determine the effect that filtering has on an alignment, we first generated a test
pairwise alignment between the chicken genome (galGal4) (Hillier et al., 2004) and the 
peregrine falcon genome (F_peregrinus_v1.0) (Zhan et al., 2013) using LASTZ 1.02.0 
(Harris, 2007). We compared median Ka/Ks values before any filtering was done 
(although stop codons were replaced with gaps since KaKs_Calculator will not run 
properly if they were retained), and after filtering, both including transcripts which 
contained premature stop codons and excluding them. 
We found that with each increasing level of filtering, the median Ka/Ks decreased for 
autosomal genes. The unfiltered alignments had the highest median Ka/Ks (0.1202, 95% 
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CI: 0.0986-0.1356, 1000 bootstrap replicates; Table 7). The data which were filtered for 
alignment quality and base content but included transcripts which contained premature 
stop codons displayed a somewhat lower Ka/Ks (0.1178, 95% CI: 0.0836-0.1197, 1000 
bootstrap replicates; Table 7) . Lastly, filtered alignments which excluded transcripts with
premature stop codons displayed the lowest median Ka/Ks (0.1032, 95% CI: 0.0903, 
0.1201, 1000 bootstrap replicates; Table 7).
Table 7. Autosomal Ka/Ks medians with increasing levels of filtering. Ka/Ks for the 
chicken to falcon alingment was calculated using KaKs_Calculator (Zhang et al., 2006) 
after stop codons were removed from all sequences. Median Ka/Ks values were called in 
R3.3.0 (R Core Team, 2016) and 95% confidence intervals (in parentheses) were 
calculated using 1,000 bootstrap replicates with the boot package (Canty, Angelo & 
Ripley, Brian, 2016). 
Step Median Ka/Ks Observed Transcripts
No Filtering
(Stop Codons Removed)
0.1202
(0.0986, 0.1356)
13,899
Filtered 
(Including Genes with Premature Stop Codons)
0.1178 
(0.0836, 0.1197)
13,603
Filtered 
(Excluding Genes with Premature Stop Codons)
0.1032
(0.0903, 0.1201)
11,428
It is not surprising that Ka/Ks decreases with additional filtering, since the filtering steps 
select for alignments which are more similar to one another. Transcripts with poor quality
alignments are more likely to have mis-aligned bases or indels that resulted from 
sequencing errors. These errors would artificially inflate Ka/Ks values since there is no 
selective pressure removing non-synonymous base substitutions from the transcripts as 
there is in nature. If there are a large number of indels produced by sequencing errors, the
program will introduce a large number of gaps into the sequence. If there are too many 
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gaps when overall base content is determined, these lower quality sequences will be 
removed which removes erroneous bases from the analysis. With these errors removed, 
the remaining data will include sequences which were exposed to selection and should 
have a greater number of synonymous than non-synonymous substitutions. 
Likewise, it makes sense that removing transcripts with premature stop codons would 
also lower median Ka/Ks. If premature stop codons were the result of sequencing error, 
they could also artificially inflate Ka/Ks values since the sequence may include other 
sequencing errors. Naturally occurring stop codons could also appear in the alignment 
either due to alignment error or because that sequence has been pseudogenized. If it is 
due to alignment error, the alignment would contain presumably one transcript sequence 
and one partial transcript sequence. In this case, the non-genic region of the partial 
sequence would not have been exposed to selection in the same way as the genic region 
and there is no reason to believe that synonymous substitutions would accumulate at a 
different rate than non-synonymous substitutions. If the premature stop codon arose in a 
pseudogene, the protein that it once coded for is no longer expressed so the sequence is 
no longer directly exposed to selection. Again, non-synonymous and synonymous 
substitutions would likely occur at a similar rate since the gene was pseudogenized.
Base Content Filtering
To examine how Ka/Ks results change with different minimum base content 
requirements, we downloaded several pairwise alignments to the human hg19 (Lander et 
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al., 2001) genome from the UCSC Table Browser (Karolchik et al., 2004). These 
consisted of whole genome pairwise alignments to the human genome of mouse (mm10) 
(Chinwalla et al., 2002), aardvark (oryAfe1) (Di Palma, et al., 2013), and platypus 
(ornAna1) (Warren et al., 2008). We ran AlignmentProcessor on each of the three 
alignments using minimum base content percentages increasing from 0% to 100% in 
increments of 5%. We then calculated the mean and median at each percentage for each 
alignment. 
We found that, much like increasing the stringency of filtering, increasing the minimum 
required nucleotide content caused median Ka/Ks to decline overall (Figure 9). Mean 
Ka/Ks also declined overall as minimum nucleotide content increased but there was more
variation at individual percentage thresholds, particularly for the human to mouse 
alignment (Figure 9). This is to be expected since transcripts with fewer gaps in their 
alignment are likely to be more conserved and have fewer non-synonymous substitutions.
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Figure 9. Average Ka/Ks with varying percent gene content threshold. 
KaKsCalculator (Zhang et al., 2006) was run on each pairwise comparison with 
minimum gene content remaining after filtering increasing from 0% to 100% in 
increments of 5%. Mean and median Ka/Ks was calculated using R3.3.0 (R Core Team, 
2016) for each increment.
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Ka/Ks_Calculator and CodeML
Lastly, we compared the output of KaKs_Calculator (Zhang et al., 2006) and CodeML 
(Yang, 2007) using the chicken to peregrine falcon pairwise alignment. In both cases, the 
complete filtering pipeline was run and genes with premature stop codons were removed. 
When run with KaKS_Calculator, AlignmentProcessor took 3 minutes and 49 seconds to 
run, while the pairwise analysis took 38 minutes and 35 seconds to run with CodeML. 
The greater time is due to the fact that CodeML runs other analyses in addition to 
determining substitution rates, while Ka/Ks_Calculator focuses on substitution rates 
alone. 
KaKs_Calculator returned fewer transcripts for both autosomes and the Z chromosome, 
as well as lower mean and median substitution rates (Table 8). Despite the difference in 
values, the same trends hold true for each comparison. Median substitution rates were 
lower than means for all comparisons, and Z chromosome averages were higher than 
autosomal averages, which is consistent with the Fast-Z effect. In both cases, the 
autosomal mean was not significantly different from the whole genome mean, but the Z 
chromosome mean as significantly different from the autosomal mean (Table 8).
Table 8. Average substitution rates for chicken to falcon comparison. Pairwise 
substitution rates were determined using KaKs_Calculator (Table A) (Zhang et al., 2006) 
and Codeml (Table B) (Yang, 2007). Mean and median values were calculated in R3.3.0 
(R Core Team, 2016) and 95% confidence intervals (in parentheses) were calculated 
using 1,000 bootstrap replicates with the boot package (Canty & Ripley, 2016). P values 
were calculated using Wilcoxon Rank Sum Tests. Autosomal means were compared to 
the whole genome means, while Z chromosome means were compared to autosomal 
means.
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Table A.
Locus Median Ka/Ks Mean Ka/Ks P Observed  Transcripts
Autosomes 0.1178
(0.0836, 0.1197)
0.1753 
(0.1640, 0.2075)
0.6455 13603
Z Chromosome 0.1340
(0.1154, 0.1620)
0.1878
(0.1568, 0.1963)
0.0041 725
Table B.
Locus Median dN/dS Mean dN/dS P Observed  Transcripts
Autosomes 0.1458 
(0.1055, 0.1495)
0.2216 
(0.1896, 0.2492)
0.5521 13967
Z Chromosome 0.1651 
(0.1255, 0.1892)
0.2441 
(0.2015, 0.2556)
0.0002 735
The difference in values is most likely due to how each program deals with N/A values. 
KaKs_Calculator will return “NA” for any value it cannot calculate, but returns “0” for 
Ka/Ks when Ka cannot be calculated (if Ka is “NA”, it wil also return “NA” for Ka/Ks). 
CodeML, on the other hand, will not return “Na”; rather, it will return either “0” or 
“0.001” which makes it difficult to filter out low quality data. Since Ka/Ks_Calculator 
output can be more easily filtered for N/A values, it results in fewer remaining transcripts.
As we have shown, stricter filtering will generally lead to lower substitution rates, so 
stricter removal of N/A values would likely lower substitution rates as well. This could 
account for at least some of the differences in substitution rates between the two 
programs.
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5. Conclusions
Summary and Significance
We have shown that there are likely at least 374 genes on the anole X chromosome and 
provided evidence of nearly complete dosage compensation in the green anole. Given the 
variation across X-linked regions, this dosage compensation may still be evolving. It is, 
however, also possible that some of these genes are escaping X chromosome silencing, 
and so display a lower relative expression value. The fact that the previously identified X-
linked LGb sequences exhibited higher relative expression values indicates that dosage 
compensation is more complete for these genes than for the newly identified X-linked 
genes. We further found that genes with sex-biased transcription in the green anole are 
not clustered on the X chromosome, but are scattered throughout the genome, similar to 
mammals (Lowe et al. 2015). Although we found many genes with sex-biased 
expression, we also concluded that gene expression is, as expected, broadly similar 
between the sexes.
We also observed that X-linked genes exhibit higher substitution rates than autosomal 
genes, which is indicative of higher levels of selection on the single X chromosome in 
males. This pattern is consistent with the fast-X hypothesis and supports our proposal that
the genes identified by comparative genomics are, in fact, X-linked. If these genes were 
not X-linked, we would expect to see Ka/Ks values more similar to those of the 
autosomes than LGb. Since, however, these genes display significantly different average 
substitution rates, we can tentatively conclude that they are X-linked.
50
Given that previously identified X-linked genes appear to be conserved among anoles 
(Rovatsos et al. 2014b), it is likely that the newly identified genes, which appear on the 
same green anole scaffolds, are conserved as well. Indeed, we have found that these X-
linked genes appear to be highly conserved among anoles. The entire proposed X 
chromosome, therefore, provides a larger set of genes to map between species in order to 
identify X-linked genes in other species. Additionally, X-linked regions have been found 
to be conserved across Iguania (Rovatsos et al. 2014a), so we would expect to find many 
of the same X-linked genes between various iguanian species. We predict that other 
XX/XY iguanid species will exhibit near-complete dosage compensation like the green 
anole because sex chromosomes appear to be highly conserved in this group. Since 
iguanian sex chromosomes are among the oldest known vertebrate sex chromosomes 
(Rovatsos et al. 2014a), characterization of which genes comprise them and how they 
evolve over time could prove invaluable to our understanding of sex determination.
Additionally, we presented a program which will filter pairwise and multiple species 
alignments, easily convert them into formats required for analysis programs, and 
optionally run two of those programs. We have also shown how poor filtering will 
artificially inflate substitution rates and demonstrated the importance of filtering 
alignments for conserved open reading frames, overall nucleotide content, and the 
presence of premature stop codons. AlignmentProcessor makes the filtering process quick
and easy, will quickly compile KaKs_Calculator results, and can run multiple genes 
through CodeML in parallel.
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Major Contributions of Thesis
1. Identification of Additional X-linked Genes in a Model Pleurodont Species. The 
identification of 287 X-linked genes in the green anole will help to create a complete, 
ordered sequence of the scaffolds that comprise the X chromosome. This will provide an 
invaluable reference sequence for identifying X-linked sequences in other pleurodont 
species. With more X-linked genes identified in the green anole, we will better able to 
identify X-linked genes and scaffolds in other pleurodont species. It may also help to 
identify pseudoautosomal regions on the green anole Y chromosome.
2. Chromosome-Wide Dosage Compensation in an XX/XY Squamate. The identification 
of near-complete dosage compensation in the green anole is consistent with other XX/XY
species. Given the conservation of sex chromosomes across Pluerodonta, we can expect 
to find similar patterns of dosage compensation in more species within the clade. Our 
findings helps to build a more complete picture of the evolution of dosage compensation 
across species and sex determination systems.
3. Limb Morphology and Reproductive Genes under Selection in Anolis.  The discovery 
that genes involved in limb morphology confirm morphological hypotheses and provides 
insight into how natural selection influences speciation. This also provides an example of 
how morphological hypotheses pertaining to speciation can be tested on a genomic level.
4. Conservation of X-linked Sequences across Anolis Species. The conservation of X-
linked sequences across anole species provides a bioinformatic perspective that is 
consistent with previous karyotype-based findings. The examination of X-linked genes, 
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however, is a novel approach that provides a gene-based view of conservation across 
these four species. This indicates that what we have discovered in the green anole may 
also be applicable to other anole and pleurodont species.
5. Open Access Alignment Filtering Program. The AlignmentProcessor program is a 
freely available tool that makes filtering fasta alignments very straightforward. It allows 
users to quickly run KaKs_Calculator (Zhang et al., 2006) on whole genome pairwise 
alignments. It can also run CodeML (Yang, 2007) on whole genome multi-fasta 
alignments by dynamically pruning the phylogenic tree for each gene. This program 
provides a previously unavailable method for filtering alignments and computing 
substitution rates between any number of species which will be a great asset to 
evolutionary biologists.
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Anole X-Linked Sequences
Comparative analysis. We acquired a list of all genes from the green anole 
microchromosome LGb (Alföldi et al. 2011) from Ensembl BioMart (Ensembl v79) 
(Kinsella et al. 2011) and aligned them to the chicken genome (galGal4, Ensembl v79) 
(Hillier et al. 2004) using BLAT (Cunningham et al. 2015) Next, we obtained a list of 
transcript IDs of genes located on the chicken chromosome 15 from Ensembl BioMart 
(Ensembl v79) (Kinsella et al. 2011) and mapped these transcripts to the anole genome 
(AnoCar2.0, Ensembl v79) (Eckalbar et al. 2013; Alföldi et al. 2011). We then aligned 
genes from each anole scaffold back to the galGal4 genome. We included genes in the set
of proposed X-linked genes if they were either previously identified (Alföldi et al. 2011), 
or were located on a scaffold in which at least 60% of the gene content of the scaffold 
mapped one-to-one between this scaffold and chicken chromosome 15, and contained at 
least one gene that had been previously identified as X-linked by Q-PCR (Rovatsos, 
Altmanová, M.J. Pokorná, and Kratochvíl 2014) (Supplementary Figure 1). We included 
genes annotated from both Ensembl v79 and a previously published annotation using 
transcriptomes (Eckalbar et al. 2013).
Transcriptome analysis. We analyzed whole transcriptome RNA-seq data from Anolis 
carolinensis tail samples for two males (D15 and D26) and two females (D47 and D61), 
data from which are accessible via BioProject PRJNA253971 (Hutchins et al. 2014). 
Briefly, regenerating tail samples were collected 25 days post autotomy and sliced into 
five sections along the proximal-distal axis. Total RNA was isolated from each sample 
separately, all samples were barcoded and multiplexed with paired-end sequencing 
libraries were generated using manufacturer protocols and sequenced on an Illumina 
HiSeq 2000 (Hutchins et al. 2014). After sequencing the samples were de-multiplexed 
and analyzed separately. We assessed the quality of the reads with FastQC (Andrews, 
2010) and further trimmed using Trimmomatic (Bolger et al. 2014) to eliminate a 
nucleotide bias from the flow cell. We mapped trimmed reads to the A. carolinensis 
genome using Bowtie2.2.4 (Langmead and Salzberg 2012) and TopHat2.0.14 (Trapnell et
al. 2009) with the ASU_Acar_v2.2.1 annotation (Eckalbar et al. 2013; Hutchins et al. 
2014) and the following options: --segment-length=19 –no-coverage-search. We 
measured RNA-seq statistics using the stats function of bamtools2.4.0 (Trapnell et al. 
2012) (Appendix D). 
Differential expression. We conducted the differential expression analysis using Cuffdiff 
in Cufflinks2.2.1 (Trapnell et al. 2012) and analyzed the output using R3.2.2 (R Core 
Team 2014) (readme files, associated scripts, and transcriptome assemblies are available 
on GitHub: https://github.com/WilsonSayresLab/Anole_expression). By default, Cuffdiff 
normalizes read count estimates between samples, so models for inter-sample 
normalization of raw read counts were not applied to read estimates returned by Cuffdiff 
(Dillies et al. 2013). We called genes as differentially expressed if the q-value – a p-value 
with a Benjamini-Hochberg correction for multiple testing (Trapnell et al. 2012) – was 
less than 0.05.
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Given that the minimum expression threshold can skew results when examining patterns 
of dosage compensation (Xiong et al. 2010; Deng et al. 2011), we examined the relative 
expression results with five different FPKM thresholds (0, 1, 2, 3, and 4), similar to 
Smith et al. 2014 (Table 9). We found that the same trends for autosomal vs. X-linked 
genes were present at each threshold and here present data using an FPKM threshold of 2 
(Figure 10). 
Table 9. Differential expression called with varying FPKM thresholds. Male to 
female relative expression was called with no minimum expression threshold, and with a 
threshold increasing from 1 to 4. Median (Table A) and mean (Table B) relative 
expression were calculated in R3.2.2 (R Core Team 2014), and 95% confidence intervals 
were calculated using the boot package (Canty and Ripley 2016). Numbers of observed 
genes for each threshold are recorded in Table C.
Table A. Median Relative Expression 
Loci No Threshold FPKM >= 1 FPKM >= 2 FPKM >= 3  FPKM >= 4
Autosomes 1.033 
(0.9747, 
1.038)
1.016 
(0.9667, 
1.021)
1.009 
(0.9713, 
1.022)
1.003 
(0.9919, 
1.040)
0.9997 
(0.9658, 
1.011)
LGb 0.9715 
(0.9704, 
1.053)
0.9684 
(0.9149, 
0.9812)
0.9746 
(0.9718, 
1.058)
0.9639 
(0.9308, 
1.002)
0.9369 
(0.8977, 0.9594)
Other X-linked
Scaffolds
0.8836 
(0.8674,
0.9223)
0.8435 
(0.8028, 
0.8600)
0.8226 
(0.7772,
0.8296)
0.8042 
(0.7746, 
0.8177)
0.8080 
(0.8029, 0.8512)
Proposed X
Chromosome
0.9003 
(0.8411,
0.9014)
0.8755 
(0.8414, 
0.8814)
0.8688 
(0.8558,
0.8958)
0.8599 
(0.8363, 
0.8836)
0.8617 
(0.8428, 0.8877)
LGb FPKM /
Autosomal FPKM
0.9405 0.9531 0.9659 0.9610 0.9372
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Table B. Mean Relative Expression
Loci No Threshold FPKM >= 1 FPKM >= 2 FPKM >= 3  FPKM >= 4
Autosomes 1.206 
(0.7903,
1.391)
1.040 
(0.9600, 
1.044)
1.022 
(0.9549, 
1.026)
1.017 
(0.9577, 
1.029)
1.010 
(1.007, 
1.072)
LGb 1.052 
(1.008, 
1.089)
1.009 
(0.9862, 
1.041)
1.009 
(0.9829, 
1.038)
0.9843 
(0.9467, 
0.9933)
0.9829 
(0.9430,
0.9917)
Other X-linked
Scaffolds
1.096 
(0.9428, 
1.160)
0.8643 
(0.8579, 
0.9128)
0.8506 
(0.8289,
0.8831)
0.8344 
(0.7930, 
0.8465)
0.8360 
(0.8148,
0.8710)
Proposed X
Chromosome
1.085 
(0.9935,
1.190)
0.9042 
(0.8698, 
0.9266)
0.8968 
(0.8839,
0.9407)
0.8788 
(0.8662, 
0.9217)
0.8795 
(0.8351,
0.8840)
LGb/ Autosomal 0.8723 0.9702 0.9872 0.9678 0.9732
Table C. Number of observed genes
Loci No
Threshold
FPKM >= 1 FPKM >= 2 FPKM >= 3  FPKM >= 4
Whole Genome 22,062 15,857 13,414 11,739 110,474
Autosomes 10,374 7,595 6,595 5,906 5,376
LGb 80 65 59 54 48
Other X-linked
Scaffolds
259 170 143 128 114
Proposed X
Chromosome
339 235 202 182 162
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Figure 10. Male to female linear regression with no FPKM threshold. Scatter plots of 
gene expression between both males and both females and the R2 value when calculated 
without a minimum FPKM threshold. The scatter plot and linear regression was modeled 
in R3.2.2 (R Core Team 2014). 
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Diversity Analyses. For independent verification of the putative X-linked transcripts, we 
analyzed patterns of genetic diversity across the genome. To call variants, we first aligned
reads from all 20 samples to the AnoCar2 reference genome (Alföldi et al. 2011) using 
multi-sample 2-pass mapping in STAR (Dobin et al. 2013). Specifically, we first mapped 
samples individually using default parameters and then did a second pass of mapping 
with default parameters except for including information about identified splice junctions
for all samples using the “--sjdbFileChrStartEnd” command. We then sorted bam files 
using Samtools (Li et al. 2009)(Li 2011) before adding read group information and 
removing duplicates with Picard MarkDuplicates (http://broadinstitute.github.io/picard/). 
We trimmed intronic tails with the SplitNCigarReads tool in the Genome Analysis Toolkit
(GATK) using the parameters “-rf ReassignOneMappingQuality -RMQF 255 -RMQT 60 
-U ALLOW_N_CIGAR_READS” (McKenna et al., 2010; DePristo et al., 2011; Van der 
Auwera et al., 2013). We then called variants individually for each sample with the 
GATK HaplotypeCaller using the parameters “-dontUseSoftClippedBases 
-stand_call_conf 20.0 -stand_emit_conf 20.0 --emitRefConfidence GVCF 
--variant_index_type LINEAR --variant_index_parameter 128000”. Lastly, we performed
a round of joint genotyping of all 20 samples using GATK’s GenotypeGVCFs with 
default parameters (McKenna et al. 2010; DePristo et al. 2011; Van der Auwera et al. 
2013). 
We calculated genetic diversity within each set of biological replicates. For example, 
population 1 consisted of biological replicate 1 for each of the four individuals, 
population 2 consisted of biological replicate 2 for each for the four individuals, and so 
on. This primarily allowed us to control for differences in sequencing coverage and 
quality among replicates, but also provided five biologically and technically independent 
estimates of diversity among these individuals. For these analyses, we focused 
exclusively on biallelic SNPs, to which we applied a series of filters, removing sites at 
which the sequencing depth was less than 2, Fisher strand bias was greater than 30, the 
mean mapping quality was less than 30, or the site quality was less than 30. Additionally, 
we only considered a sample’s genotype call if the genotype quality was greater than or 
equal to 30 and the sample read depth at that site was greater than or equal to 10. We also 
included an additional filter, for which we only examined sites that were callable in all 
samples within a given population. 
At each site, we calculated nucleotide diversity, Π, as the number of pairwise differences 
among chromosomes sampled divided by the number of comparisons (k(k-1)/2, where k 
is the number of chromosomes sampled) (Charlesworth and Charlesworth 2010). To 
identify all callable sites in the genome for each sample, including invariant sites, we 
used GATK’s CallableLoci tool with the parameters “--minMappingQuality 30 
--minDepth 10” (McKenna et al. 2010). Given this information, we calculated average 
nucleotide diversity separately for the autosomes and putatively X-linked scaffolds as the 
arithmetic mean of per site diversity across all callable sites. We estimated confidence 
intervals for autosomal diversity, X-linked diversity, and the ratio of X to autosomal 
diversity by sampling 1000 bootstrap replicates with replacement. 
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Gene ontology. We submitted lists of gene IDs for differentially expressed genes 
identified by Cuffdiff (q < 0.05) (Trapnell et al. 2012), as well as male-biased and female-
biased differentially genes, to g:profiler for enrichment analysis (Reimand et al. 2011). 
Additionally, we also conducted an analysis of genes with 50 or more reads in males and 
genes with 50 or more reads in females. Each list was run as a target set with a list of 
gene IDs for the whole genome as the background set, and we specified that only 
significant results be returned.
Substitution rate analysis. We downloaded pairwise alignments between the AnoCar2.0 
chromosomes 1-6, chromosome LGb, and the scaffolds proposed to map to the X 
chromosome and the galGal3 chicken genome from the UCSC genome browser (Meyer 
et al. 2013). We filtered these alignments using scripts developed in our lab 
(https://github.com/WilsonSayresLab/AlignmentProcessor). These scripts ensured that 
the open reading frame was conserved in each species and required alignments to have 
50% coverage of nucleotide sequences relative to the anole genome. Gene sequences that 
did not meet these requirements were discarded from the analysis. Lastly, one script 
replaced internal and terminal stop codons with gaps. We conducted analysis both 
including and excluding alignments with internal stop codons to avoid inflating ratios of 
nonsynonymous to synonymous substitution rates by including pseudogenes. The 
substitution rates for the filtered alignments were then calculated using 
KaKs_Calculator2.0 using the default settings (Zhang et al., 2006). We calculated means, 
medians, and corresponding 95% confidence intervals in R3.2.2 (R Core Team, 2014) 
with the “boot” package (Canty, Angelo & Ripley, Brian, 2016). We conducted a 
permutation analysis to calculate p-values using 10,000 replicates with a Python script 
developed in lab (https://github.com/WilsonSayresLab/Anole_expression).
Comparative Analysis Across Anolis Species
The A. apletophallus, A. auratus, and A. frenatus genomes were sequenced by the 
Kusumi lab at Arizona State University and made available to us. Pairwise alignments 
between Anolis carolinensis (anoCar2) and A. apletophallus, A. auratus, and A. frenatus, 
were also provided to us. We uploaded these alignments to Galaxy(Goecks, et al., 2011). 
The whole genome anoCar2 genome BED file with Ensembl genes and gene predictions 
for whole gene sequences was downloaded from the UCSC Genome Browser (Karolchik 
et al., 2004) to Galaxy. The Stitch Gene Blocks tool (Blankenberg et al. 2011) was used 
to organize alignment data by gene exons for each alignment using the anoCar2 BED file 
to specify whole gene sequences. The output was converted to fasta format and 
downloaded.
Pairwise alignments were filtered using scripts developed in our lab 
(https://github.com/WilsonSayresLab/AlignmentProcessor). These scripts ensured that 
the open reading frame was conserved in each species and required alignments to have 
50% coverage of nucleotide sequences relative to the chicken genome. Gene sequences 
that did not meet these requirements were discarded from the analysis, resulting in a 
lower number of genes used in the analysis than were observed in the original alignment 
67
file. Lastly, one script replaced internal and terminal stop codons with gaps, since this 
may cause problems with downstream programs. The substitution rates for the filtered 
alignments were than calculated using KaKs_Calculator1.2 using the default settings 
(Zhang et al., 2006). Mean and median values, and corresponding 95% confidence 
intervals, were calculated in R3.3.2 (R Core Team, 2016) with the “boot” package (Canty
& Ripley, 2016). A permutation analysis to calculate p-values using 10000 replicates was 
calculated with a Python script developed in lab and has been made publicly available 
(https://github.com/WilsonSayresLab/Anole_expression).
For each gene a p-value was computed from a Fisher’s exact test (Zhang et al., 2006), of 
whether the number of nonsynonymous substitutions per total number of nonsynonymous
sites is greater than the number of synonymous substitutions per total number of 
synonymous sites. Genes with a Ka/Ks values above 1 and a corresponding Bonferroni-
corrected p-value of 0.05 or lower were submitted to g:profiler (Reimand et al., 2011)for 
gene ontology analysis. Lists of significant genes from each comparison were submitted 
along with a background list of all genes that had a Ka/Ks value reported. For each gene 
with a significantly elevated Ka/Ks ratio, we also investigated the function of the gene, as
listed in GeneCards (Safran et al., 2003).
Additionally, ranked lists of all genes for which Ka/Ks data was available were submitted
to g:profiler in order to examine genes from specific gene ontology categories. The 
Ka/Ks values of genes in these categories (limb development, limb morphogenesis, limb 
bud formation, axial mesoderm morphogenesis, sensory perception of smell, visual 
perception, pigmentation, and reproduction) were analyzed in R3.2.3. For each species, 
each distribution was compared against the whole genome distribution for each species 
using a Wilcoxon Rank Sum Test, and mean and median values were also calculated.
AlignmentProcessor
We downloaded the peregrine falcon (F_Peregrinus_v1.0) (Zhan et al. 2013) and chicken 
(Gallus_gallus_4.0) (Hillier et al. 2004) genomes from NCBI 
(http://www.ncbi.nlm.nih.gov/genome/browse/). We then aligned the genomes on Arizona
State University's Saguaro computing cluster using scripts from the Avian Phylogenomic 
Project (Zhang et al. 2014) to run Lastz (Harris, R.S. 2007). The resulting MAF 
alignment was submitted to the Galaxy Projects's Stitch Gene Blocks Tool (Blankenberg 
et al. 2011) using the galGal4 genome build with the “Split into Gapless MAF blocks” 
option set to “No.” We imported a BED file containing galGal4 Ensembl genes from the 
UCSC Genome Browser (Karolchik et al. 2004). 
We downloaded the pairwise fasta alignment and submitted it to AlignmentProcessor for 
two pairwise analyses using chicken as the reference species. We first ran 
AlignmentProcessor0.5 with KaKs_Calculator (Zhang et al., 2006) using the “--axt” and 
“--kaks” arguments. Next we ran AlignmentProcessor0.7 with CodeML (Yang, 2007) 
using the “--phylip” and “--codeml” arguments. The output from this run was compiled 
using a python script and the results from both were submitted to R3.3.0 (R Core Team, 
2016). Mean and median values were calculated in R and 95% confidence intervales were
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calculated using 1,000 bootstrap replicates with the boot package (Canty & Ripley, 
2016). P values were determined for each comparison using Wilcoxon Rank Sum 
Tests.For the analysis of Ka/Ks for varying percentage thresholds, we downloaded three 
pairwise alignments to the human genome (hg19) (Lander et al., 2001) from the UCSC 
Table Browser (Karolchik et al., 2004). the human genome was aligned to mouse (mm10)
(Chinwalla et al., 2002), aardvark (oryAfe1) (Di Palma et al., 2013), and platypus 
(ornAna1) (Warren et al., 2008). For each alignment, “Genes and Gene Predictions” and 
“Ensembl Genes” were selected, and individual CDS fasta alignments were download by 
selecting human and the desired species from the multiz100way alignment.
For each pairwise alignment, Ka/Ks was calculated with a minimum nucleotide content 
remaining after filtering increasing from 0% to 100% in increments of 5%. 
AlignmentProcessor0.9 was called for each of these with “Human” as the reference 
species, and the “--ucsc”, --axt”, and “--kaks” arguments. Mean and median Ka/Ks was 
calculated using an Rscript in R3.3.0 (R Core Team, 2016).
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APPENDIX  B
LOCATION OF GENES ON THE PROPOSED X CHROMOSOME
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Genes are are identified by their gene ID from the ASU transcriptome and their gene 
symbols. Locus information is provided for both the green anole and chicken loci.
Male:female relative expression and q-values, have also been included where applicable.
ASU_GeneID Gene Name    Anole Scaffold   Relative Expression   Q-value   Chicken Chromosome
ASU_Acar_G.14888 LSR GL343282.1 0.8721364331 0.978428 1
- - GL343282.1 - - -
ASU_Acar_G.14960 acad10 GL343282.1 0.9132503513 0.826762 -
ASU_Acar_G.15017 G.15017 GL343282.1 0.7151117687 0.912119 -
ASU_Acar_G.15015 mapkapk5 GL343282.1 0.8546731996 0.649866 15
ASU_Acar_G.14943 GAPDHS GL343282.1 1.4835349816 1 1
ASU_Acar_G.14993 tmem116 GL343282.1 0.9040789058 0.933371 -
ASU_Acar_G.14985 erp29 GL343282.1 0.7535786075 0.235095 15
ASU_Acar_G.14958 naa25 GL343282.1 0.8976182518 0.780409 15
ASU_Acar_G.14962 hectd4 GL343282.1 0.4940409078 0.000914959 15
ASU_Acar_G.15019 trafd1 GL343282.1 1.0292881545 0.997987 -
ASU_Acar_G.14955 G.14955 GL343282.1 1.3446150995 0.892835 -
ASU_Acar_G.15020 rpl6 GL343282.1 0.7202638869 0.18465 -
ASU_Acar_G.14982 G.14982 GL343282.1 1.8392973166 0.141812 -
ASU_Acar_G.14961 ptpn11 GL343282.1 0.7453741935 0.186397 -
ASU_Acar_G.14983 G.14983 GL343282.1 0.6692346512 0.0954711 -
ASU_Acar_G.14959 G.14959 GL343282.1 1.1096389444 1 -
ASU_Acar_G.14981 G.14981 GL343282.1 0.7349530935 1 -
ASU_Acar_G.14964 G.14964 GL343282.1 1.2987274105 0.671163 -
ASU_Acar_G.14979 G.14979 GL343282.1 1.0155524168 0.997846 -
ASU_Acar_G.14951 rph3a GL343282.1 10.8242180184 1 -
ASU_Acar_G.14989 G.14989 GL343282.1 2.1377009384 1 -
ASU_Acar_G.15011 G.15011 GL343282.1 0 1 -
ASU_Acar_G.14956 wscd2 GL343282.1 1.0586881182 0.966084 15
ASU_Acar_G.15026 cmklr1 GL343282.1 0.3223218445 0.000914959 15
ASU_Acar_G.14986 G.14986 GL343282.1 2.7438263991 1 15
ASU_Acar_G.14991 G.14991 GL343282.1 1.868226835 1 -
ASU_Acar_G.14954 G.14954 GL343282.1 0 1 -
ASU_Acar_G.14950 G.14950 GL343282.1 - 1 -
ASU_Acar_G.15008 G.15008 GL343282.1 - 1 -
ASU_Acar_G.14968 G.14968 GL343282.1 - 1 -
ASU_Acar_G.14975 G.14975 GL343282.1 2.5365840055 1 -
ASU_Acar_G.15006 G.15006 GL343282.1 1.5002169655 1 -
ASU_Acar_G.15027 G.15027 GL343282.1 - 1 -
ASU_Acar_G.14969 G.14969 GL343282.1 1.0780110127 0.943894 -
ASU_Acar_G.14980 G.14980 GL343282.1 - 1 -
ASU_Acar_G.15002 G.15002 GL343282.1 1.0035339101 1 -
ASU_Acar_G.14976 G.14976 GL343282.1 2.5872180703 1 -
ASU_Acar_G.15021 G.15021 GL343282.1 1.2817516537 0.758818 -
ASU_Acar_G.14994 G.14994 GL343282.1 1.1342843999 1 -
ASU_Acar_G.14957 G.14957 GL343282.1 1.0900442314 1 -
ASU_Acar_G.14999 G.14999 GL343282.1 1.7336761696 1 -
ASU_Acar_G.15003 G.15003 GL343282.1 0.8476680055 1 -
ASU_Acar_G.14971 G.14971 GL343282.1 2.5673838242 1 -
ASU_Acar_G.14952 dgcr2 GL343282.1 0.7456003869 0.160673 15
ASU_Acar_G.14984 G.14984 GL343282.1 3.0057579021 1 -
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ASU_GeneID Gene Name    Anole Scaffold   Relative Expression   Q-value   Chicken Chromosome
ASU_Acar_G.14965 G.14965 GL343282.1 0.7726463938 1 -
ASU_Acar_G.14997 G.14997 GL343282.1 0.8457666414 1 -
ASU_Acar_G.14998 dgcr14 GL343282.1 0.6610184662 0.187776 15
ASU_Acar_G.14966 gsc2 GL343282.1 1.0487234996 0.965649 -
ASU_Acar_G.14953 slc25a1 GL343282.1 0.6334869915 0.00389276 -
ASU_Acar_G.14977 G.14977 GL343282.1 1.2005731902 0.940191 -
ASU_Acar_G.15010 G.15010 GL343282.1 1.1100918784 0.989621 -
ASU_Acar_G.14935 - GL343282.1 0.8132300296 0.77356 2
ASU_Acar_G.15012 cltcl1 GL343282.1 0.7592461396 0.15451 15
ASU_Acar_G.15004 snap29 GL343282.1 0.7938577226 0.246056 -
ASU_Acar_G.14970 pi4ka GL343282.1 0.7725140667 0.33633 15
ASU_Acar_G.14972 serpind1 GL343282.1 0.9099178503 0.98269 15
ASU_Acar_G.14973 hic2 GL343282.1 0.8603616746 1 -
ASU_Acar_G.14988 G.14988 GL343282.1 1.4250370991 1 -
ASU_Acar_G.14990 G.14990 GL343282.1 0.8831718438 1 -
ASU_Acar_G.15005 G.15005 GL343282.1 0.8433256901 0.513413 -
ASU_Acar_G.15013 hic2 GL343282.1 0.9946841299 0.998209 -
ASU_Acar_G.14992 G.14992 GL343282.1 1.2527877779 0.687049 -
ASU_Acar_G.15007 ube2l3 GL343282.1 0.9054965185 0.812466 15
ASU_Acar_G.14974 ydjc GL343282.1 0.8115297298 0.419992 15
ASU_Acar_G.15024 ccdc116 GL343282.1 1.2167210973 1 -
ASU_Acar_G.14967 sdf2l1 GL343282.1 0.7390630891 0.113265 -
- aca-mir-130b GL343282.1 - - 15
- aca-mir-454 GL343282.1 - - 15
- aca-mir-301b GL343282.1 - - 15
- aca-mir-130c GL343282.1 - - 15
ASU_Acar_G.14978 top3b GL343282.1 0.7795274022 0.318374 15
ASU_Acar_G.15018 ppm1f GL343282.1 0.8312344777 0.613733 15
ASU_Acar_G.14963 G.14963 GL343282.1 0.8889392476 0.978551 -
ASU_Acar_G.14987 mapk1 GL343282.1 1.0124990839 0.997731 15
- HIRA GL343282.1 - - 15
ASU_Acar_G.15001 ppil2 GL343282.1 0.8755028654 0.759392 -
ASU_Acar_G.15016 ypel1 GL343282.1 0.8542586359 0.983414 15
ASU_Acar_G.15022 G.15022 GL343282.1 0.8039112576 0.923014 15
ASU_Acar_G.15025 cdc45 GL343282.1 0.8611358854 0.972498 15
ASU_Acar_G.14995 gp1bb GL343282.1 1.233941574 0.98269 15
ASU_Acar_G.15000 G.15000 GL343282.1 0.9745361141 0.997987 -
ASU_Acar_G.15009 G.15009 GL343282.1 0.7558028442 0.935848 -
ASU_Acar_G.15014 G.15014 GL343282.1 0.7273405054 0.0655714 15
ASU_Acar_G.15023 G.15023 GL343282.1 0.6812710483 1 -
ASU_Acar_G.14996 G.14996 GL343282.1 1.4188933128 0.350439 -
ASU_Acar_G.16656 ran GL343364.1 0.9340550054 0.923893 15
ASU_Acar_G.16632 G.16632 GL343364.1 1.0980608315 0.992534 -
ASU_Acar_G.16643 sfswap GL343364.1 1.0322071203 0.979181 15
ASU_Acar_G.16631 ep400 GL343364.1 0.9447767685 0.958187 -
ASU_Acar_G.16645 pus1 GL343364.1 0.780688409 0.854613 15
ASU_Acar_G.16638 mmp17 GL343364.1 0.7082130725 1 15
ASU_Acar_G.16647 G.16647 GL343364.1 0.7208399451 1 -
ASU_Acar_G.16649 ulk1 GL343364.1 0.6164836788 0.706403 15
ASU_Acar_G.16651 G.16651 GL343364.1 1.0669691548 0.992758 -
ASU_Acar_G.16633 galnt9 GL343364.1 0.8683477846 0.873349 -
ASU_Acar_G.16646 noc4l GL343364.1 0.8333223483 0.688396 -
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ASU_Acar_G.16636 galnt9 GL343364.1 0.7331136271 1 15
ASU_Acar_G.16642 fbrsl1 GL343364.1 1.0270101197 0.994117 -
ASU_Acar_G.16644 fbrsl1 GL343364.1 0.9704101064 0.992534 -
ASU_Acar_G.16635 fbrsl1 GL343364.1 0.8928124717 0.916128 -
ASU_Acar_G.16634 fbrsl1 GL343364.1 0.8970224602 0.776703 -
ASU_Acar_G.16655 G.16655 GL343364.1 1.0153218541 0.998032 -
ASU_Acar_G.16640 chfr GL343364.1 0.8228718502 0.483321 15
ASU_Acar_G.16654 G.16654 GL343364.1 1.3606715993 0.953669 -
ASU_Acar_G.16641 golga3 GL343364.1 0.9583141119 0.958916 15
ASU_Acar_G.16637 pgam5 GL343364.1 0.8225665903 0.789865 -
ASU_Acar_G.16648 ankle2 GL343364.1 0.8831816308 0.785802 15
ASU_Acar_G.16653 zdhhc8 GL343364.1 0.9918429137 0.997987 -
ASU_Acar_G.16650 ranbp1 GL343364.1 1.0334127387 0.983691 15
ASU_Acar_G.16652 trmt2a GL343364.1 0.8876884186 0.966084 15
ASU_Acar_G.16639 G.16639 GL343364.1 0.9317309455 0.912732 15
ASU_Acar_G.22693 stx2 LGb 1.0925342739 0.948222 -
ASU_Acar_G.22718 rimbp2 LGb 1.7014486183 0.00172894 15
ASU_Acar_G.22720 fzd10 LGb 0.6566524504 0.0471204 15
ASU_Acar_G.22731 tmem132d LGb 1.1021610674 0.907292 -
ASU_Acar_G.22687 tmem132d LGb 1.7413338836 0.0481475 15
ASU_Acar_G.22715 glt1d1 LGb 1.1718889534 0.62909 -
ASU_Acar_G.22736 slc15a4 LGb 0.6129820158 0.00585094 15
ASU_Acar_G.22688 tmem132c LGb 1.1236074217 0.769322 15
ASU_Acar_G.22669 G.22669 LGb 1.1827796596 0.867912 -
ASU_Acar_G.22683 G.22683 LGb 0.8378836704 1 -
ASU_Acar_G.22723 G.22723 LGb 0.6979594021 0.666868 -
ASU_Acar_G.22707 G.22707 LGb 2.3641955787 1 -
ASU_Acar_G.22745 G.22745 LGb 1.4837670224 0.360097 -
ASU_Acar_G.22733 G.22733 LGb 1.4713080733 0.632924 -
ASU_Acar_G.22673 G.22673 LGb 1.6133460021 0.11609 -
ASU_Acar_G.22703 G.22703 LGb 1.3409148302 0.862317 -
ASU_Acar_G.22729 G.22729 LGb 0.5648995401 0.537189 -
- - LGb - - -
ASU_Acar_G.22698 tmem132b LGb 0.8140128795 0.662813 -
ASU_Acar_G.22689 tmem132b LGb 1.0751656512 0.913337 -
ASU_Acar_G.22747 tmem132b LGb 2.3233975865 1 15
ASU_Acar_G.22686 aacs LGb 1.0821468231 0.886044 -
ASU_Acar_G.22746 bri3bp LGb 0.7610162375 0.141593 15
ASU_Acar_G.22704 dhx37 LGb 0.7826047545 0.365681 15
ASU_Acar_G.22713 ubd LGb 0.7633241289 0.234536 -
ASU_Acar_G.22734 scarb1 LGb 0.5859137367 0.000914959 -
ASU_Acar_G.22682 ncor2 LGb 0.9036173875 0.811353 15
ASU_Acar_G.22674 G.22674 LGb 0.748299017 1 -
ASU_Acar_G.22679 G.22679 LGb 0.9684050846 0.997987 -
ASU_Acar_G.22692 G.22692 LGb 0.8852632678 0.985117 -
ASU_Acar_G.22725 G.22725 LGb 1.4181542912 0.556383 -
ASU_Acar_G.22705 G.22705 LGb 1.1890525445 0.965074 -
ASU_Acar_G.22690 fam101aLGb 1.2991156627 0.156737 15
ASU_Acar_G.22694 dnah10 LGb 1.2314093864 0.838483 15
ASU_Acar_G.22730 ccdc92 LGb 0.8415714493 0.708416 15
- ATP6V0A2 LGb - - 15
ASU_Acar_G.22708 tctn2 LGb 0.9110188925 0.857783 -
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ASU_Acar_G.22697 G.22697 LGb 1.0364114961 0.98269 -
- GTF2H3 LGb - - -
ASU_Acar_G.22722 eif2b1 LGb 0.8622222529 0.921425 15
ASU_Acar_G.22726 ddx55 LGb 0.9746354842 0.985332 15
ASU_Acar_G.22724 tmed2 LGb 0.8921659393 0.826277 15
ASU_Acar_G.22691 setd8 LGb 0.8765177987 0.90247 -
ASU_Acar_G.22695 rilpl2 LGb 0.7181971417 0.703239 -
ASU_Acar_G.22709 snrnp35 LGb 1.0614832003 0.969756 15
ASU_Acar_G.22741 rilpl1 LGb 1.0622674623 0.984136 15
ASU_Acar_G.22670 sbno1 LGb 0.8712378511 0.702516 15
ASU_Acar_G.22671 G.22671 LGb 0.9380806086 0.993403 -
ASU_Acar_G.22678 mphosph9 LGb 1.0508578651 0.987695 15
ASU_Acar_G.22738 cdk2ap1 LGb 1.1179456439 0.824338 15
ASU_Acar_G.22676 pitpnm2 LGb 1.2658301536 0.300589 -
ASU_Acar_G.22699 arl6ip4 LGb 1.5112058317 0.940952 15
ASU_Acar_G.22739 arl6ip4 LGb 1.4967379489 0.742881 -
ASU_Acar_G.22702 ogfod2 LGb 0.7709092498 0.908077 -
ASU_Acar_G.22710 G.22710 LGb 0.8787075228 0.764805 15
ASU_Acar_G.22716 abcb9 LGb 0.9594784495 0.968261 15
ASU_Acar_G.22675 vps37b LGb 0.6530753972 0.0460784 15
ASU_Acar_G.22742 hip1r LGb 0.5153737156 0.0367187 -
ASU_Acar_G.22700 G.22700 LGb 0.5745416693 0.721573 -
ASU_Acar_G.22740 gpn3 LGb 0.8080786856 0.921941 -
ASU_Acar_G.22743 denr LGb 0.934607364 0.916794 15
ASU_Acar_G.22727 arpc3 LGb 0.9976635644 0.998053 15
ASU_Acar_G.22712 anapc7 LGb 0.8262918735 0.428023 15
ASU_Acar_G.22717 atp2a2 LGb 0.9129451 0.857947 15
ASU_Acar_G.22672 p2rx7 LGb 1.6128268367 0.285789 15
ASU_Acar_G.22714 ift81 LGb 1.1767848375 0.771124 15
ASU_Acar_G.22696 G.22696 LGb 0.8205546287 0.958916 -
ASU_Acar_G.22668 rnft2 LGb 0.9357429942 0.981171 15
ASU_Acar_G.22684 p2rx4 LGb 1.2666833838 0.647538 15
ASU_Acar_G.22706 fbxw8 LGb 0.989830914 0.998053 15
ASU_Acar_G.22737 G.22737 LGb 0.8234107148 0.826339 -
ASU_Acar_G.22744 G.22744 LGb 0.9577415895 0.99681 -
- TESC LGb - - -
ASU_Acar_G.22732 fbxo21 LGb 0.8724021436 0.673045 15
ASU_Acar_G.22677 nos1 LGb 0.9447628638 0.965092 15
ASU_Acar_G.22681 ksr2 LGb 1.3926082018 1 -
ASU_Acar_G.22680 wsb2 LGb 0.9971291351 0.998053 15
ASU_Acar_G.22728 rfc5 LGb 0.8736874188 0.857783 15
ASU_Acar_G.22701 vsig10 LGb 1.1136469663 0.815474 -
ASU_Acar_G.22719 G.22719 LGb 1.0231300969 0.988321 15
ASU_Acar_G.22711 chchd10 LGb 0.8622914591 0.695806 15
ASU_Acar_G.22685 med13l LGb 1.2302074312 0.640886 15
ASU_Acar_G.22735 med13l LGb 1.2296104196 0.33692 -
- 5S_rRNA LGb - - -
- - LGb - - -
- 5S_rRNA LGb - - -
ASU_Acar_G.22721 tbx3 LGb 1.1306430564 0.943397 15
ASU_Acar_G.19003 anapc5 GL343550.1 0.6371925083 0.109525 15
ASU_Acar_G.19013 rnf34 GL343550.1 0.9865084634 0.995257 19
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ASU_Acar_G.19007 kdm2b GL343550.1 0.9197957025 0.894723 15
ASU_Acar_G.19006 orai1 GL343550.1 0.7301659394 0.075498 15
ASU_Acar_G.19008 tmem120b GL343550.1 0.8539952888 0.668168 -
ASU_Acar_G.19011 rhof GL343550.1 1.0343491376 0.982094 15
ASU_Acar_G.19005 setd1b GL343550.1 0.8699818044 0.650214 15
ASU_Acar_G.19009 hpd GL343550.1 1.0484558796 1 -
ASU_Acar_G.19002 wdr66 GL343550.1 0.9398931453 0.943749 -
ASU_Acar_G.19004 bcl7a GL343550.1 0.7349590389 0.103845 15
ASU_Acar_G.19010 mlxip GL343550.1 0.7623712646 0.435753 -
ASU_Acar_G.19012 G.19012 GL343550.1 1.0941906709 0.989638 -
ASU_Acar_G.17479 diablo GL343423.1 0.858643355 0.641578 -
ASU_Acar_G.17475 G.17475 GL343423.1 0.765337538 0.424012 -
- - GL343423.1 - - -
ASU_Acar_G.17469 clip1 GL343423.1 0.7602948198 0.145705 15
ASU_Acar_G.17481 zcchc8 GL343423.1 0.9797195555 0.989508 15
ASU_Acar_G.17486 rsrc2 GL343423.1 1.1348790749 0.688893 15
ASU_Acar_G.17483 kntc1 GL343423.1 0.9087786154 0.823343 -
ASU_Acar_G.17480 vps29 GL343423.1 0.8840750707 0.709069 15
ASU_Acar_G.17490 rad9b GL343423.1 0.79412655 1 -
ASU_Acar_G.17488 pptc7 GL343423.1 0.7389056027 0.0828478 15
ASU_Acar_G.17471 hvcn1 GL343423.1 0.8625365312 0.862795 15
ASU_Acar_G.17472 G.17472 GL343423.1 0.4937197066 0.809417 -
ASU_Acar_G.17485 tctn1 GL343423.1 0.70023905 0.407424 -
ASU_Acar_G.17473 ppp1cc GL343423.1 0.7825778183 0.173492 15
ASU_Acar_G.17468 G.17468 GL343423.1 1.1856156975 1 -
ASU_Acar_G.17482 G.17482 GL343423.1 2.8800215972 1 -
ASU_Acar_G.17470 cux2 GL343423.1 0.8156876173 0.910373 15
ASU_Acar_G.17474 myl2 GL343423.1 0.1935828747 0.00585094 15
ASU_Acar_G.17477 G.17477 GL343423.1 0.795684747 1 -
ASU_Acar_G.17478 G.17478 GL343423.1 0.8474290277 0.987695 -
ASU_Acar_G.17487 fam109aGL343423.1 0.3955040892 1 15
ASU_Acar_G.17489 sh2b3 GL343423.1 0.886364002 0.810885 -
ASU_Acar_G.17484 atxn2 GL343423.1 0.8019895881 0.315754 15
ASU_Acar_G.17476 brap GL343423.1 0.6456213393 0.00389276 15
ASU_Acar_G.21161 coro1c GL343913.1 0.7022173183 0.196611 15
ASU_Acar_G.21159 selplg GL343913.1 2.5441824162 1 -
ASU_Acar_G.21165 tmem119 GL343913.1 0.7728232143 0.408015 15
ASU_Acar_G.21160 iscu GL343913.1 0.4863435677 0.000914959 -
ASU_Acar_G.21163 sart3 GL343913.1 0.7570077445 0.18376 15
ASU_Acar_G.21162 ficd GL343913.1 0.6292811619 0.15163 -
ASU_Acar_G.21164 ficd GL343913.1 3.6104565727 1 15
ASU_Acar_G.21166 G.21166 GL343913.1 0.8399215104 0.656885 15
ASU_Acar_G.21260 depdc5 GL343947.1 1.3824556337 0.205297 -
ASU_Acar_G.21255 prr14l GL343947.1 1.050198781 0.945471 15
ASU_Acar_G.21262 pisd GL343947.1 0.5418250861 1 -
ASU_Acar_G.21257 bcr GL343947.1 0.9117064522 0.840254 -
ASU_Acar_G.21256 adora2a GL343947.1 1.2983214817 1 -
ASU_Acar_G.21259 upb1 GL343947.1 0.5777490837 0.558125 15
ASU_Acar_G.21258 gucd1 GL343947.1 0.887897176 0.869426 -
ASU_Acar_G.21261 snrpd3 GL343947.1 1.0853005017 0.871538 -
ASU_Acar_G.21254 ggt1 GL343947.1 0.6743236671 0.374967 -
ASU_Acar_G.21253 ggt5 GL343947.1 0.1985599886 0.000914959 -
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ASU_Acar_G.21252 smpd4 GL343947.1 0.6248105663 0.0142335 -
- SIRT4 GL343338.1 - - 15
ASU_Acar_G.16210 G.16210 GL343338.1 3.5428163676 1 -
ASU_Acar_G.16226 G.16226 GL343338.1 1.0289041808 0.995711 -
ASU_Acar_G.16244 G.16244 GL343338.1 0.5864157654 0.0511175 -
ASU_Acar_G.16246 msi1 GL343338.1 0.9002574059 0.93564 15
ASU_Acar_G.16255 pla2g1b GL343338.1 1.7078444282 1 -
ASU_Acar_G.16236 triap1 GL343338.1 0.941584715 1 15
ASU_Acar_G.16229 gatc GL343338.1 0.7993265536 0.97375 -
ASU_Acar_G.16257 srsf9 GL343338.1 0.7670511376 0.15096 -
ASU_Acar_G.16220 dynll1 GL343338.1 0.8843660558 0.736619 15
ASU_Acar_G.16253 coq5 GL343338.1 0.8836380101 0.987695 -
ASU_Acar_G.16233 rnf10 GL343338.1 0.7062919599 0.0491849 15
ASU_Acar_G.16212 pop5 GL343338.1 1.0904644126 0.900405 -
ASU_Acar_G.16216 cabp1 GL343338.1 1.5140099543 1 15
ASU_Acar_G.16218 G.16218 GL343338.1 0.6753953417 1 -
ASU_Acar_G.16238 mlec GL343338.1 0.7512550286 0.109703 15
ASU_Acar_G.16261 G.16261 GL343338.1 0.6836441182 0.330434 -
ASU_Acar_G.16230 unc119b GL343338.1 0.7185074799 0.0513829 15
ASU_Acar_G.16240 G.16240 GL343338.1 0.7665867479 0.183481 -
ASU_Acar_G.16251 acads GL343338.1 0.5862143569 0.00704815 15
ASU_Acar_G.16223 sppl3 GL343338.1 0.5897579631 0.000914959 -
ASU_Acar_G.16239 sppl3 GL343338.1 0.801697103 0.604922 15
ASU_Acar_G.16269 tbc1d10a GL343338.1 0.7614245031 0.187388 15
ASU_Acar_G.16247 G.16247 GL343338.1 0.4283918063 0.00644507 15
ASU_Acar_G.16228 prkab1 GL343338.1 0.7666158045 0.148676 15
ASU_Acar_G.16231 cit GL343338.1 0.8691607247 0.673427 15
ASU_Acar_G.16209 G.16209 GL343338.1 1.5568745359 0.900246 -
ASU_Acar_G.16222 rab35 GL343338.1 0.7914721274 0.501958 15
ASU_Acar_G.16225 ccdc64 GL343338.1 1.4400306042 1 -
ASU_Acar_G.16243 ccdc64 GL343338.1 1.3451518881 0.6449 15
ASU_Acar_G.16248 G.16248 GL343338.1 0.9580427528 0.997846 -
ASU_Acar_G.16254 G.16254 GL343338.1 0.7591745271 1 - 15
ASU_Acar_G.16242 pxn GL343338.1 0.947804521 0.946505 15
ASU_Acar_G.16267 rplp0 GL343338.1 0.8019500432 0.375936 15
ASU_Acar_G.16208 ccdc60 GL343338.1 1.0094563006 0.998053 -
ASU_Acar_G.16241 gcn1l1 GL343338.1 0.6040342537 0.00318929 15
ASU_Acar_G.16245 hspb8 GL343338.1 0.31910509 0.000914959 -
ASU_Acar_G.16232 srrm4 GL343338.1 2.5054516098 1 15
ASU_Acar_G.16215 suds3 GL343338.1 0.7591011665 0.46088 15
ASU_Acar_G.16213 taok3 GL343338.1 0.8045207114 0.400056 15
ASU_Acar_G.16211 pebp1 GL343338.1 1.9285567388 1 15
ASU_Acar_G.16221 dtx1 GL343338.1 0.7658617105 1 15
ASU_Acar_G.16249 rasal1 GL343338.1 4.6735585025 0.000914959 15
ASU_Acar_G.16235 ccdc42b GL343338.1 1.8559957337 0.116508 -
ASU_Acar_G.16237 ddx54 GL343338.1 0.5923307357 0.000914959 15
ASU_Acar_G.16219 iqcd GL343338.1 1.2919796813 0.906048 -
ASU_Acar_G.16227 tpcn1 GL343338.1 0.9381837039 0.937069 -
ASU_Acar_G.16258 rita1 GL343338.1 0.6699628551 0.930005 -
ASU_Acar_G.16259 slc8b1 GL343338.1 0.9269703182 0.979625 15
ASU_Acar_G.16214 plbd2 GL343338.1 0.5701134594 0.0024714 -
ASU_Acar_G.16264 sds GL343338.1 1.477057595 1 -
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ASU_Acar_G.16252 sdsl GL343338.1 1.2799157834 0.409316 15
ASU_Acar_G.16262 lhx5 GL343338.1 1.7833507058 1 15
ASU_Acar_G.16268 G.16268 GL343338.1 0.1966718605 1 -
ASU_Acar_G.16260 G.16260 GL343338.1 - 1 -
ASU_Acar_G.16256 G.16256 GL343338.1 0.761472411 0.685045 -
ASU_Acar_G.16265 G.16265 GL343338.1 1.1945203115 0.867606 -
ASU_Acar_G.16250 G.16250 GL343338.1 4.0988933025 1 -
ASU_Acar_G.16263 rbm19 GL343338.1 0.7560174076 0.187553 15
ASU_Acar_G.16234 tbx5 GL343338.1 7.2584941474 1 15
ASU_Acar_G.16266 tbx5 GL343338.1 0.8743493959 0.978718 -
ASU_Acar_G.16217 G.16217 GL343338.1 1.1808354225 0.953804 -
ASU_Acar_G.16224 G.16224 GL343338.1 - 1 -
ASU_Acar_G.17377 G.17377 GL343417.1 0.9023119106 0.862428 -
ASU_Acar_G.17379 G.17379 GL343417.1 0.8124951195 0.891171 -
ASU_Acar_G.17368 nf2 GL343417.1 0.8572775743 0.764099 15
ASU_Acar_G.17380 cidec GL343417.1 0.7573016793 0.743165 -
ASU_Acar_G.17402 cabin1 GL343417.1 0.7029136488 0.629375 15
ASU_Acar_G.17388 G.17388 GL343417.1 3.4496766275 0.581426 -
ASU_Acar_G.17372 nefh GL343417.1 1.1978094671 0.923893 -
ASU_Acar_G.17395 thoc5 GL343417.1 0.5471569298 0.000914959 15
ASU_Acar_G.17382 ap1b1 GL343417.1 0.7015199576 0.0617165 15
ASU_Acar_G.17374 gas2l1 GL343417.1 0.6916276162 0.184877 15
ASU_Acar_G.17385 ewsr1 GL343417.1 0.9774112121 0.987452 15
ASU_Acar_G.17396 rhbdd3 GL343417.1 1.0407862768 0.997731 -
ASU_Acar_G.17390 sf3a1 GL343417.1 0.7525697007 0.252892 15
ASU_Acar_G.17393 ccdc157 GL343417.1 1.0993808993 1 -
ASU_Acar_G.17366 rnf215 GL343417.1 0.8158552337 0.850293 15
ASU_Acar_G.17407 G.17407 GL343417.1 0.3419113545 0.000914959 15
ASU_Acar_G.17362 mtfp1 GL343417.1 1.0126683258 0.997987 15
ASU_Acar_G.17401 G.17401 GL343417.1 2.9621578845 1 -
ASU_Acar_G.17373 G.17373 GL343417.1 - 1 -
ASU_Acar_G.17364 G.17364 GL343417.1 - 1 -
ASU_Acar_G.17404 gal3st1 GL343417.1 1.5261770556 1 15
ASU_Acar_G.17386 pes1 GL343417.1 0.5769746807 0.000914959 -
ASU_Acar_G.17363 tcn2 GL343417.1 0.8262383116 0.534183 -
ASU_Acar_G.17406 slc35e4 GL343417.1 0.9150423849 1 15
ASU_Acar_G.17369 G.17369 GL343417.1 1.2098035848 0.73552 -
ASU_Acar_G.17394 dusp18 GL343417.1 1.1969218146 1 15
ASU_Acar_G.17413 osbp2 GL343417.1 0.5478714049 1 15
ASU_Acar_G.17376 osbp2 GL343417.1 1.1098033977 0.892918 -
ASU_Acar_G.17414 G.17414 GL343417.1 1.0252440851 1 -
ASU_Acar_G.17397 G.17397 GL343417.1 0.4489356039 1 -
ASU_Acar_G.17378 morc2 GL343417.1 1.0872206395 0.877154 -
ASU_Acar_G.17383 G.17383 GL343417.1 0.4937276763 0.377188 -
ASU_Acar_G.17409 G.17409 GL343417.1 0.6611788665 0.294547 -
ASU_Acar_G.17408 smtn GL343417.1 0.8339552982 0.86459 15
ASU_Acar_G.17381 G.17381 GL343417.1 0.9169708526 0.939712 -
ASU_Acar_G.17398 G.17398 GL343417.1 1.1674330199 0.713034 15
ASU_Acar_G.17392 inpp5j GL343417.1 1.1604018062 1 15
ASU_Acar_G.17387 pla2g3 GL343417.1 1.0934668395 1 -
ASU_Acar_G.17405 G.17405 GL343417.1 2.4542261678 0.00318929 -
ASU_Acar_G.17365 p2rx2 GL343417.1 - 1 -
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ASU_GeneID Gene Name    Anole Scaffold   Relative Expression   Q-value   Chicken Chromosome
ASU_Acar_G.17415 pole GL343417.1 0.6929250974 0.0625935 15
ASU_Acar_G.17411 rtn4r GL343417.1 0.905009898 1 -
ASU_Acar_G.17375 G.17375 GL343417.1 - 1 -
ASU_Acar_G.17367 G.17367 GL343417.1 - 1 -
ASU_Acar_G.17370 G.17370 GL343417.1 - 1 -
ASU_Acar_G.17410 G.17410 GL343417.1 - 1 -
ASU_Acar_G.17412 G.17412 GL343417.1 0 1 -
ASU_Acar_G.17371 G.17371 GL343417.1 - 1 -
ASU_Acar_G.17399 prodh GL343417.1 0.7386608569 0.164579 15
ASU_Acar_G.17400 scarf2 GL343417.1 0.8435816021 0.650142 15
ASU_Acar_G.17361 slc7a4 GL343417.1 0.9876914031 1 15
ASU_Acar_G.17391 G.17391 GL343417.1 0.9536763535 0.98305 -
ASU_Acar_G.17403 p2rx6 GL343417.1 2.2646040992 1 15
ASU_Acar_G.17384 G.17384 GL343417.1 - 1 -
ASU_Acar_G.17389 aifm3 GL343417.1 1.7281475176 1 -
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APPENDIX  C
GENE ONTOLOGY RESULTS
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Gene ontology analyses was carried out on two sets of genes using g:profiler (Reimand, 
et al. 2011).
 The first set (I) consisted of all significantly differentially expressed genes which had a 
male to female relative expression higher than 1, which indicates a male bias.
 The second list (II) consisted of all significantly differentially expressed genes which had
a male to female relative expression lower than 1, which indicates a female bias.
 All genes were selected after an expression threshold of 2 FPKM was applied and each 
list was submitted as a target list against a background of all green anole genes.
I. Male Specific Genes
P GO Term Name
9.46E-010 GO:0008150 biological_process
0.000000465 GO:0048584 positive regulation of response to stimulus
0.00000049 GO:0008152 metabolic process
0.00000201 GO:0048583 regulation of response to stimulus
0.00000515 GO:0044699 single-organism process
0.000027 GO:0050896 response to stimulus
0.000058 GO:0009987 cellular process
0.0000922 GO:0048518 positive regulation of biological process
0.000211 GO:0044763 single-organism cellular process
0.000322 GO:0010646 regulation of cell communication
0.000661 GO:0071704 organic substance metabolic process
0.000681 GO:0044238 primary metabolic process
0.000782 GO:0019538 protein metabolic process
0.00101 GO:0007154 cell communication
0.00129 GO:0023051 regulation of signaling
0.00151 GO:0002684 positive regulation of immune system process
0.00165 GO:0065007 biological regulation
0.0018 GO:0044700 single organism signaling
0.00197 GO:0023052 signaling
0.00212 GO:0010604 positive regulation of macromolecule metabolic process
0.00238 GO:0009893 positive regulation of metabolic process
0.00245 GO:0050789 regulation of biological process
0.00253 GO:0044093 positive regulation of molecular function
0.00319 GO:0016485 protein processing
0.00387 GO:0051716 cellular response to stimulus
0.00433 GO:0048522 positive regulation of cellular process
0.00451 GO:0050794 regulation of cellular process
0.00453 GO:0035556 intracellular signal transduction
0.00555 GO:0031325 positive regulation of cellular metabolic process
0.00557 GO:0051247 positive regulation of protein metabolic process
0.00634 GO:0006952 defense response
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P GO Term Name
0.00665 GO:0051604 protein maturation
0.00703 GO:0006955 immune response
0.00872 GO:0032268 regulation of cellular protein metabolic process
0.00918 GO:0010647 positive regulation of cell communication
0.0152 GO:0032270 positive regulation of cellular protein metabolic process
0.0171 GO:0006508 proteolysis
0.0178 GO:0002253 activation of immune response
0.0181 GO:0051246 regulation of protein metabolic process
0.0191 GO:0009966 regulation of signal transduction
0.0201 GO:0007165 signal transduction
0.0204 GO:0023056 positive regulation of signaling
0.0204 GO:1902533 positive regulation of intracellular signal transduction
0.0206 GO:0051239 regulation of multicellular organismal process
0.0218 GO:0002682 regulation of immune system process
0.024 GO:0051240 positive regulation of multicellular organismal process
0.0254 GO:0043170 macromolecule metabolic process
0.0258 GO:0031399 regulation of protein modification process
0.031 GO:0009605 response to external stimulus
0.0334 GO:0009967 positive regulation of signal transduction
0.0417 GO:0044267 cellular protein metabolic process
0.0433 GO:0050795 regulation of behavior
II. Female Specific Genes
P GO Term Name
4.59E-025 GO:0008150 biological_process
2.57E-010 GO:0009987 cellular process
0.0000131 GO:0050896 response to stimulus
0.0101 GO:0051716 cellular response to stimulus
0.0163 GO:0070887 cellular response to chemical stimulus
0.000576 GO:0032501 multicellular organismal process
0.00000087 GO:0065007 biological regulation
0.0000137 GO:0032502 developmental process
0.0000202 GO:0048856 anatomical structure development
0.0000243 GO:0009888 tissue development
3.13E-020 GO:0044699 single-organism process
0.0345 GO:0016265 death
0.0302 GO:0008283 cell proliferation
3.39E-012 GO:0044763 single-organism cellular process
0.0345 GO:0008219 cell death
0.0000632 GO:0044767 single-organism developmental process
0.00323 GO:0048869 cellular developmental process
0.00164 GO:0030154 cell differentiation
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P GO Term Name
0.0315 GO:0030855 epithelial cell differentiation
0.0011 GO:0044707 single-multicellular organism process
0.00169 GO:0007275 multicellular organismal development
0.0119 GO:0048731 system development
0.0198 GO:0072359 circulatory system development
0.0198 GO:0072358 cardiovascular system development
4.97E-013 GO:0008152 metabolic process
7.56E-009 GO:0044238 primary metabolic process
0.000000003 GO:0071704 organic substance metabolic process
0.000325 GO:0043170 macromolecule metabolic process
0.000000264 GO:0044710 single-organism metabolic process
0.00477 GO:0055114 oxidation-reduction process
0.0000241 GO:0006629 lipid metabolic process
0.000695 GO:0009056 catabolic process
0.017 GO:0044712 single-organism catabolic process
0.0000388 GO:0044237 cellular metabolic process
0.00035 GO:0044255 cellular lipid metabolic process
0.00156 GO:0051179 localization
0.0338 GO:0051234 establishment of localization
0.0000176 GO:0050789 regulation of biological process
0.0000466 GO:0048518 positive regulation of biological process
0.00102 GO:0050794 regulation of cellular process
0.000349 GO:0048522 positive regulation of cellular process
0.0215 GO:0042127 regulation of cell proliferation
0.00158 GO:0048519 negative regulation of biological process
0.0157 GO:0048523 negative regulation of cellular process
0.0193 GO:0032787 monocarboxylic acid metabolic process
0.0103 GO:0006631 fatty acid metabolic process
0.0288 GO:0001676 long-chain fatty acid metabolic process
0.0154 GO:0019369 arachidonic acid metabolic process
0.0196 GO:0010604 positive regulation of macromolecule metabolic process
0.0334 GO:0051531 NFAT protein import into nucleus
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APPENDIX  D
RNA-SEQ STATISTICS
83
RNA-Seq statistics were determined by TopHat and reported in the “align_summary.txt” 
file for each sample.
Sample Name  SRA ID  Raw Reads  Mapped Reads  Unmapped Reads  Percent 
Mapped
d15s1 SRR1502164 78859336 58476766 20382570 74.20%
d15s2 SRR1502165 59140608 41791045 17349563 70.70%
d15s3 SRR1502166 70478456 46467915 24010541 65.90%
d15s4 SRR1502167 29239498 19966700 9272798 68.30%
d15s5 SRR1502168 64331052 39990681 24340371 62.20%
d26s1 SRR1502169 58177250 41971090 16206160 72.10%
d26s2 SRR1502170 63072224 48044310 15027914 76.20%
d26s3 SRR1502171 42824924 25594376 17230548 59.80%
d26s4 SRR1502172 63092458 45711750 17380708 72.50%
d26s5 SRR1502173 42863704 30796372 12067332 71.80%
d47s1 SRR1502174 64453180 42936847 21516333 66.60%
d47s2 SRR1502175 36295644 39512549 -3216905 69.30%
d47s3 SRR1502176 49875272 43792769 6082503 55.20%
d47s4 SRR1502177 44873374 31386712 13486662 69.90%
d47s5 SRR1502178 62040816 45702050 16338766 73.70%
d61s1 SRR1502179 59450814 46157161 13293653 77.60%
d61s2 SRR1502180 67747514 49208257 18539257 72.60%
d61s3 SRR1502181 65809818 49897914 15911904 75.80%
d61s4 SRR1502182 50167436 38422764 11744672 76.60%
d61s5 SRR1502183 50575040 40308635 10266405 79.70%
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Portions of Chapter 1 and the entirety of Chapter 2 are in revision at Genome Biology 
and Evolution under the title “Evolution of dosage compensation in Anolis carolinensis, a
reptile with XX/XY chromosomal sex determination.” This manuscript includes 
contributions from Melissa Wilson Sayres, Tim Webster, Kimberly Olney, Elizabeth 
Hutchins, and Kenro Kusumi. It has been included in this thesis with the permission of 
each co-author.
The analyses in chapter 3, “Comparative Analysis Across Anolis Species,” is included in 
the manuscript “Multiple Genomes Reveal Accelerated Evolution in Conserved 
Pathways”, under review at Nature Communications. This analyses have been included in
thesis with permission from each author:
Marc Tollis, Elizabeth D. Hutchins, Jessica Stapley, Walter L. Eckalbar, Shawn M. Rupp, 
Inbar Maayan, Eris Lasku, Carlos R. Infante, Stuart Dennis, Joel A. Robertson, Catherine 
M. May, Michael R. Crusoe, Eldredge Bermingham, Dale F. DeNardo, S. Tonia Hsieh, 
Matthew J. Huentelman, Rob J. Kulathinal, W. Owen McMillan, Douglas B. Menke, 
Stephen C. Pratt, J. Alan Rawls, Oris Sanjur, Melissa A. Wilson Sayres, Jeanne Wilson-
Rawls, Rebecca E. Fisher, Kenro Kusumi.
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